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CONTROL APPARATUS FOR MULTI-CYLINDER INTERNAL COMBUSTION 
ENGINE AND CONTROL METHOD 

INCORPORATION BY REFERENCE 
[0001] The disclosures of Japanese Patent Applications No. 2001-165247 filed on 
May 31, 2001, and No. 2001-028685 filed on February 5, 2001, including their 
specifications, drawings and abstracts are incorporated herein by reference in their entireties. 
BACKGROUND OF THE INVENTION 

1. Field of Invention 

[0002] The invention relates generally to control apparatus and methods for a multi- 
cylinder internal combustion engine. 

2. Description of Related Art 

[0003] Conventionally, a control apparatus for a multi-cylinder internal combustion 
engine, which reduces variation in the air-fuel ratio between cylinders is known. An example 
of this type of control apparatus is disclosed in Japanese Patent Application Laid-Open 
Publication No. 6-213044. The control apparatus disclosed in this publication calculates the 
air-fuel ratio of each of a plurality of cylinders based on a value output from an air-fuel 
sensor. Any variation in the air-fuel ratios between the cylinders is then minimized by 
controlling the valve lift amount of each of the cylinders. 

[0004] Variation in the fuel injection quantity between cylinders, however, may 
lead to a variation in torque between the cylinders, which may result in pulsation. With the 
control apparatus disclosed in the above-mentioned publication, it is possible that, even if a 
variation in air-fuel ratio between the cylinders is minimized, a variation in torque may still 
occur between the cylinders. 

[0005] Further in the control apparatus disclosed in the foregoing publication, 
although variation in the air-fuel ratio between the cylinders is minimized by controlling the 
valve lift amount, the publication discloses nothing about how to control the variation in air- 
fuel ratio between the cylinders in the event that the amount of valve overlap of the intake 
valve and the exhaust valve can be changed. Moreover, the publication discloses nothing 
about how to control the variation in the air-fuel ratio between the cylinders in the event that 
the operation angle of the intake valve can be changed. Therefore, variation in the air-fuel 
ratio between the cylinders with this control apparatus is not able to be appropriately 
controlled both in the case where the amount of the valve overlap of the intake valve and the 
exhaust valve is able to be changed, and in the case where the operation angle of the intake 
valve is able to be changed. 
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SUMMARY OF THE INVENTION 
[0006] In view of the foregoing problems, it is one object of the invention to 
provide a control apparatus for a multi-cylinder internal combustion engine, which is capable 
of minimizing both a variation in the air-fuel ratio between the cylinders as well as a variation 
in torque between the cylinders. 

[0007] It is a further object of the invention to provide a control apparatus for a 
multi-cylinder internal combustion engine, which is capable of appropriately controlling the 
variation in the air-fuel ratio between the cylinders. More specifically, it is an object of the 
invention to provide a control apparatus for a multi-cylinder internal combustion engine, 
which is capable of appropriately controlling the variation in air-fuel ratio between the 
cylinders both when the amount of valve overlap of the intake valve and the exhaust valve 
can be changed, as well as when the operation angle of the intake valve can be changed. 

[0008] A still further object of the invention is to provide a control apparatus for a 
multi-cylinder internal combustion engine in which a target air-fuel ratio value is able to be 
changed to a more appropriate value based on the operation angle of the intake valve than 
when the target air-fuel ratio is not corrected based on the operation angle of the intake valve. 
That is, it is an object of the invention is to provide a control apparatus for a multi-cylinder 
internal combustion engine, which is capable of executing appropriate air-fuel ratio feedback 
control even when a sensor is not sufficiently exposed to an exhaust gas, i.e., even when a 
target air-fuel ratio calculated from a value output by a sensor is not an appropriate target air- 
fuel ratio. 

[0009] According to one aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine including a plurality of cylinders is provided with a 
controller that calculates an exhaust gas air-fuel ratio of a cylinder when valve opening 
characteristics of an intake valve and an exhaust valve of each of the cylinders of the internal 
combustion engine are set such that an amount of an intake air introduced into the cylinder is 
not limited by the valve opening characteristics; and reduces a variation in a fuel injection 
quantity among the cylinders on the basis of the calculated exhaust gas air-fuel ratio of each 
of the cylinders. 

[0010] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the valve opening characteristics of the intake valve and 
the exhaust valve of the cylinder are set such that the amount of the intake air introduced into 
each of the cylinders of the internal combustion engine is limited by a throttle valve opening 
amount amount. 
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[0011] In the control apparatus, when the valve opening characteristics of the intake 
valve and the exhaust valve of the cylinder are set so as not to limit the quantity of air 
introduced into the cylinder, the exhaust gas air-fuel ratio of the cylinder is calculated. 
Preferably, when the valve opening characteristics of the intake valve and the exhaust valve 
of the cylinder are set such that the quantity of air introduced into the cylinder is limited by 
the throttle valve opening amount and not limited by the valve opening characteristics, the 
exhaust gas air-fuel ratio of the cylinder is calculated. In order to calculate an exhaust gas 
air-fuel ratio of each of the cylinders, the valve opening characteristics of the intake valve and 
the exhaust valve of the cylinder are set such that quantity of the intake air introduced into the 
cylinder is limited by the throttle valve opening amount and not limited by the valve opening 
characteristics of the intake and exhaust valves of the cylinder. In other words, the throttle 
valve opening amount of one cylinder upon calculation of the exhaust gas air-fuel ratio of the 
cylinder is made substantially equivalent to that of an other cylinder upon calculation of the 
exhaust gas air-fuel ratio of the other cylinder so as to make the quantity of the intake air 
introduced into the one cylinder upon calculation of the exhaust gas air-fuel ratio of the one 
cylinder equivalent to that of the other cylinder. Further in the invention, the amount of the 
intake air introduced into one cylinder upon calculation of the exhaust gas air-fuel ratio of the 
cylinder is made equivalent to that of the exhaust gas air fuel ratio of the other cylinder so as 
to obtain the exhaust gas air-fuel ratio of the cylinder. As a result, a variation in the fuel 
injection amount among the cylinders can be reduced on the basis of the exhaust gas air-fuel 
ratio. Accordingly, each amount of the intake air introduced into each of the cylinders is 
made equivalent, and then the respective fuel injection quantity is corrected so as to make 
each exhaust gas air-fuel ratio of the cylinders equivalent. Unlike the control apparatus 
disclosed in Japanese Patent Application Laid-Open Publication No. 6-213044, the variation 
in the air-fuel ratio among the cylinders is reduced while controlling a variation in torque 
among the cylinders when there is variation in the fuel injection quantity among the 
cylinders, thus preventing pulsation. That is, the control apparatus of this aspect of the 
invention reduces a variation in the air-fuel ratio among the cylinders as well as a variation in 
torque among the cylinders. 

[0012] According to another aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine including a plurality of cylinders is provided with a 
controller that calculates an exhaust gas air-fuel ratio of each of the cylinders when an 
operation angle of an intake valve of each of the cylinders of the internal combustion engine 



is set to a predetermined angle, and reduces a variation in a fuel injection quantity among the 
cylinders on the basis of the calculated exhaust gas air-fuel ratio of each of the cylinders. 

[0013] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the operation angle of the intake valve is set such that an 
amount of intake air introduced into a cylinder of the internal combustion engine is not 
limited by the operation angle of the intake valve. 

[0014] In the control apparatus, the controller calculates an exhaust gas air-fuel 
ratio of each of the cylinders when the amount of the intake air introduced into each of the 

. cylinders of the internal combustion engine is not limited by the operation angle of the intake 

O valve, but is limited by a throttle valve opening amount. 

J ji [0015] In the control apparatus, the controller calculates the exhaust gas air-fuel 

) ^ ratio of each of the cylinders when the operation angle of the intake valve is set to a 
maximum operating angle. 

f ri 

.I " [0016] In the control apparatus according to another aspect of the invention, when 

Q the operation angle of the intake valve of a cylinder is set to a predetermined angle, the 
III exhaust gas air-fuel ratio of the cylinder is calculated. More specifically, in the control 
;; i apparatus, the operation angle of the intake valve is set so as not to limit the amount of intake 
|1| air introduced into the cylinder, and then the exhaust gas air-fuel ratio of that cylinder is 

calculated. Preferably in the control apparatus, the operation angle of the intake valve is set 
such that the amount of the intake air introduced into a cylinder is limited by a throttle valve 
opening amount, and is not limited by the operation angle of the intake valve, and the exhaust 
gas air-fuel ratio of the cylinder is calculated. More preferably, the operation angle of the 
intake valve of a cylinder is set to a maximum angle, and the exhaust gas air-fuel ratio of that 
cylinder is calculated. That is, the amount of the intake air introduced into the cylinder is 
limited by the throttle valve opening amount, and is not limited by the operation angle of the 
intake valve set to a maximum angle in order to calculate the exhaust gas air-fuel ratio of that 
cylinder. More specifically, the amount of the intake air introduced into one cylinder upon 
calculation of the exhaust gas air-fuel ratio of that cylinder can be made equivalent to that of 
an other cylinder by making the throttle valve opening amount obtained upon calculation of 
the exhaust gas air-fuel ratio of the one cylinder substantially equivalent to that of the other 
cylinder. 

[0017] In the control apparatus, the amount of the intake air introduced into one 
cylinder upon calculation of the exhaust gas air-fuel ratio of that cylinder is made equivalent 
to that of the other cylinder such that a variation in the fuel injection quantity can be 



minimized on the basis of the calculated exhaust gas air-fuel ratio. Accordingly, the amount 
of the intake air introduced to each of the cylinders is made equivalent and the fuel injection 
quantity is corrected so as to make the exhaust gas air-fuel ratio of each of the cylinders 
equivalent. Unlike the control apparatus disclosed in Japanese Patent Application Laid-Open 
Publication No. 6-213044, the variation in the air-fuel ratio among the cylinders can be 
reduced while controlling a variation in the torque among the cylinders in the presence of the 
variation in the fuel injection quantity among the cylinders, thus preventing pulsation. 
Accordingly, the variation both in the air-fuel ratio and in the torque among the cylinders can 
be reduced. 

[0018] According to another aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine is provided with a controller that calculates an exhaust 
gas air-fuel ratio of each of the cylinders when a valve overlap amount of an intake valve and 
an exhaust valve of each of the cylinders of the internal combustion engine is set to a 
predetermined amount, and reduces a variation in a fuel injection quantity among the 
plurality of cylinders on the basis of the calculated exhaust gas air-fuel ratio of each of the 
cylinders. 

[0019] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the valve overlap amount of the intake valve and the 
exhaust valve is set such that an amount of the intake air introduced into the cylinders is not 
limited by the valve overlap amount. 

[0020] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the valve overlap amount of the intake valve and the 
exhaust valve is set such that the amount of the intake air introduced into the cylinders is not 
limited by the valve overlap amount, but is limited by a throttle valve opening amount. 

[0021] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the valve overlap amount of the intake valve and the 
exhaust valve is set to a minimum amount. 

[0022] In the control apparatus according to another aspect of the invention, an 
exhaust gas air-fuel ratio of each of the cylinders is calculated in which a valve overlap 
amount of the intake valve and the exhaust valve is set to a predetermined amount. More 
specifically, the control apparatus calculates the exhaust gas air-fuel ratio of each of the 
cylinders in which the overlap amount of the intake valve and the exhaust valve is set so as 
not to limit the quantity of air introduced into the cylinders. Preferably, the control apparatus 
calculates the exhaust gas air-fuel ratio of each of the cylinders in which the valve overlap 



amount of the intake valve and the exhaust valve is set such that the intake air amount 
introduced into the cylinders is limited by the throttle valve opening amount, and is not 
limited by the valve overlap amount of the intake valve and the exhaust valve. Most 
preferably, the control apparatus calculates the exhaust gas air-fuel ratio of each of the 
cylinders in which the valve overlap amount of the intake valve and the exhaust valve is set 
to a minimum valve overlap amount. That is, the control apparatus calculates the exhaust gas 
air-fuel ratio of a certain cylinder, when the valve overlap amount of the intake valve and the 
exhaust valve is set to the minimum amount so that the intake air amount introduced into that 
cylinder is limited by the throttle valve opening amount, and is not limited by the valve 
overlap amount. In other words, the intake air amount into a cylinder upon calculation of the 
exhaust gas air-fuel ratio of the cylinder is made equivalent to that of the other cylinder by 
making the throttle valve opening amount upon calculation of the exhaust gas air-fuel ratio of 
a cylinder substantially equivalent to that of the other cylinder. In the control apparatus, the 
variation in the fuel injection quantity among cylinders can be reduced by making the intake 
air amount into a cylinder upon calculation of the exhaust gas air-fuel ratio of the cylinder 
equivalent to that of the other cylinder. In other words, the intake air amount of all cylinders 
is made equivalent and the fuel injection quantity is corrected so as to make all the exhaust 
gas air-fuel ratios of the cylinders equivalent. Unlike Japanese Patent Application Laid-Open 
Publication No. 6-213044, the variation in the air-fuel ratio among the cylinders can be 
reduced while reducing the variation in the torque among the cylinders in the presence of the 
variation in the fuel injection quantity among the cylinders, thus preventing pulsation. More 
specifically, the control apparatus is capable of minimizing the variation both in the air-fuel 
ratio and the torque among the cylinders. 

[0023] In the control apparatus according to another aspect of the invention, the 
controller calculates an exhaust gas air-fuel ratio of each of the cylinders when the valve 
opening characteristics of the intake valve and the exhaust valve are set such that the amount 
of the intake air introduced into the cylinder is limited by the valve opening characteristics 
after reducing the variation in the fuel injection quantity among the plurality of cylinders; and 
reduces a variation in the valve opening characteristics of the intake valve and the exhaust 
valve among the plurality of cylinders on the basis of the calculated exhaust gas air-fuel ratio 
of the cylinders. 

[0024] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the valve opening characteristics of the intake valve and 
the exhaust valve are set such that the amount of the intake air introduced into the cylinders is 



not limited by a throttle valve opening amount, but is limited by the valve opening 
characteristic of the intake valve and the exhaust valve after reducing the variation in the fuel 
injection quantity among the cylinders. 

[0025] The control apparatus according to another aspect of the invention 
calculates, after reducing the variation in the fuel injection quantity among the cylinders, the 
exhaust gas air-fuel ratio of a cylinder in which the valve opening characteristics of the intake 
valve and the exhaust valve are set so as to limit the intake air amount introduced into the 
cylinder, and then reduces the variation in the valve opening characteristics of the intake 
valve and the exhaust valve among the cylinders based on the set exhaust gas air-fiiel ratio. 
More preferably, the control apparatus calculates, after reducing the variation in the fuel 
injection quantity among the cylinders, the exhaust gas air-fuel ratio of the cylinder in which 
the valve opening characteristics of the intake valve and the exhaust valve are set such that 
the intake air amount introduced into the cylinder is limited by the valve opening 
characteristics of the intake valve or exhaust valve, and is not limited by the throttle valve 
opening amount, and then reduces the variation in the valve opening characteristics of the 
intake valve and the exhaust valve among the cylinders based on the calculated exhaust gas 
air-fuel ratio. That is, after reducing the variation in the fuel injection quantity among the 
cylinders, the control apparatus changes the valve opening characteristics of the intake valve 
and the exhaust valve of each cylinder so that the exhaust gas air-fuel ratio of one cylinder is 
made equivalent to that of another cylinder. The control apparatus is capable of reducing the 
variation in the valve opening characteristics of the intake valve and the exhaust valve among 
the cylinders without generating variation in the torque among the cylinders irrespective of 
the variation in the fuel injection quantity among the cylinders. 

[0026] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the operation angle of the intake valve is set to an 
operation angle that is smaller than the predetermined operation angle after reducing the 
variation in the fuel injection quantity among the cylinders, and reduces a variation in the 
amount of the intake air among the cylinders on the basis of the calculated exhaust gas air- 
fuel ratio of each of the cylinders. 

[0027] The control apparatus of the invention calculates, after reducing the 
variation in the fuel injection quantity among the cylinders, the exhaust gas air-fuel ratio of 
each of the cylinders in which the operation angle of the intake valve is set to an operation 
angle smaller than the predetermined operation angle, and then reduces the variation in the 
intake air amount among the cylinders on the basis of the calculated exhaust gas air-fuel ratio. 



That is, after reducing the variation in the fuel injection quantity among the cylinders, the 
operation angle of the intake valve of each cylinder is changed such that the exhaust gas air- 
fuel ratio of one cylinder is made equivalent to that of another cylinder. The control 
apparatus is capable of reducing the variation in the intake air amount among the cylinders 
without generating variation in torque among the cylinders irrespective of the variation in the 
fuel injection quantity among the cylinders. 

[0028] In the control apparatus, the controller calculates the exhaust gas air-fuel 
ratio of each of the cylinders when the operation angle of the intake valve is set to an 
operation angle that is smaller than the predetermined operation angle after reducing the 
variation in the fuel injection quantity among the cylinders, and reduces a variation in the 
operation angle of the intake valve among the cylinders on the basis of the calculated exhaust 
gas air-fuel ratio of each of the cylinders. 

[0029] The control apparatus of the invention calculates, after reducing the 
variation in the fuel injection quantity among the cylinders, the exhaust gas air-fuel ratio of 
the cylinder in which the operation angle of the intake valve is set to an operation angle 
smaller than the predetermined operation angle, and then reduces the variation in the 
operation angle of the intake valve among the cylinders on the basis of the calculated exhaust 
gas air- fuel ratio. That is, after reducing the variation in the fuel injection quantity among the 
cylinders, the operation angle of the intake valve of each cylinder is changed such that the 
exhaust gas air-fuel ratio of one cylinder is made equivalent to that of another cylinder. The 
control apparatus is capable of reducing the variation in the intake air amount among the 
cylinders without generating a variation in torque among the cylinders irrespective of the 
variation in the fuel injection quantity among the cylinders. 

[0030] In the control apparatus, a neural network can be used to reduce the variation 
among the cylinders. 

[0031] The control apparatus of the invention preferably reduces the variation 
among the cylinders using a neural network. As a result, the variation among the cylinders 
can be reduced more effectively than a general-purpose control apparatus in which the neural 
network is not employed. 

[0032] According to another aspect of the invention, the control apparatus for a 
multi-cylinder internal combustion engine including a plurality of cylinders is provided with 
a controller that reduces a variation among the cylinders on the basis of a valve overlap 
amount of an intake valve and an exhaust valve of each of the cylinders. 
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[0033] In the control apparatus, the controller reduces a variation in a fuel injection 
quantity among the cylinders on the basis of the valve overlap amount of the intake valve and 
the exhaust valve of each of the cylinders. 

[0034] The control apparatus of this aspect of the invention reduces the variation 
among the cylinders on the basis of a valve overlap amount of the intake valve and the 
exhaust valve. More specifically, the control apparatus reduces the variation in the fuel 
injection quantity among the cylinders on the basis of the valve overlap amount of the intake 
valve and the exhaust valve. The control apparatus of the invention is capable of reducing 
the variation in the air-fuel ratio among the cylinders more effectively when the valve overlap 
amount can be changed than the control apparatus for a multi-cylinder internal combustion 
engine disclosed in Japanese Patent Application Laid-Open Publication No. 6-213044, in 
which the variation among the cylinders cannot be reduced on the basis of the valve overlap 
amount of the intake valve and the exhaust valve. In other words, the control apparatus is 
capable of appropriately controlling the variation in the air-fuel ratio among the cylinders. 

[0035] According to another aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine including a plurality of cylinders is provided with a 
controller that reduces a variation among the cylinders on the basis of an operation angle of 
an intake valve of each of the cylinders. 

[0036] In the control apparatus, the controller reduces a variation in an air-fuel ratio 
among the cylinders on the basis of the operation angle of the intake valve of each of the 
cylinders. 

[0037] The control apparatus of this aspect of the invention reduces a variation 
among the cylinders on the basis of an operation angle of the intake valve. More specifically, 
the control apparatus reduces the variation in the air-fuel ratio among the cylinders on the 
basis of the operation angle of the intake valve. Unlike the control apparatus for a multi- 
cylinder internal combustion engine disclosed in Japanese Patent Application Laid-Open 
Publication No. 6-213044, in which a variation between cylinders cannot be reduced on the 
basis of the operation angle of the intake valve, the control apparatus of the invention is 
capable of reducing the variation in the air-fuel ratio among the cylinders appropriately even 
when the operation angle of the intake valve is changed. The variation in the air-fuel ratio 
among the cylinders, thus, can be appropriately controlled. 

[0038] In the control apparatus, the controller reduces a variation in the air-fuel 
ratio among the cylinders by correcting a fuel injection quantity on the basis of the operation 
angle of the intake valve. 
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[0039] In the control apparatus, an amount of correction of the fuel injection 
quantity is increased as the operation angle of the intake valve is decreased. 

[0040] In the control apparatus according to another aspect of the invention, the 
controller calculates a fuel injection quantity correction coefficient for reducing the variation 
in the air-fuel ratio when the variation in the air-fuel ratio among the cylinders is detected, 
calculates a relationship between the calculated fuel injection quantity correction coefficient 
and the operation angle of the intake valve obtained upon calculation of the fuel injection 
quantity correction coefficient, and updates the fuel injection quantity correction coefficient 
when the operation angle of the intake valve is changed on the basis of the changed operation 
angle and the calculated relationship. 

[0041] In the control apparatus, the fuel injection quantity correction coefficient 
changes relative to the operation angle of the intake valve such that an amount of correction 
of the fuel injection quantity is increased as the operation angle is decreased. 

[0042] The control apparatus as described above reduces the variation in the air-fuel 
ratio among the cylinders by correcting the fuel injection quantity on the basis of the 
operation angle of the intake valve. For example, when the air-fuel ratio of one cylinder 
varies on the rich side, the fuel injection quantity supplied to the cylinder is decreased so as to 
reduce the variation in the air-fuel ratio among the cylinders. Also, the smaller the operation 
angle of the intake valve becomes, the greater the variation in the air-fuel ratio becomes 
among the cylinders when the actual operation angle deviates from the target operation angle. 
In view of this, the variation in the air-fuel ratio among the cylinders can be reduced by 
executing correction, for example, increasing the fuel injection quantity as the operation 
angle of the intake valve becomes smaller. This allows the variation in the air-fuel ratio 
among the cylinders to be controlled more appropriately than when the fuel injection quantity 
is not corrected on the basis of the operation angle of the intake valve. More specifically, 
when a variation in the air-fuel ratio among the cylinders is detected, the control apparatus 
calculates a fuel injection quantity correction coefficient for reducing such variation, and also 
calculates a relationship between the calculated fuel injection quantity correction coefficient 
and the operation angle of the intake valve upon calculation of the fuel injection quantity 
correction coefficient. When the operation angle of the intake valve has changed, the control 
apparatus then updates the fuel injection quantity correction coefficient on the basis of the 
changed operation angle of the intake valve and the calculated relationship. The relationship 
between the fuel injection quantity correction coefficient and the operation angle of the intake 
valve can be represented by a relation formula or a map, for example. 
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[0043] According to another aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine including a plurality of cylinders is provided with a 
controller that corrects a coefficient for an air-fuel ratio feedback control to a predetermined 
coefficient on the basis of an operation angle of an intake valve of each of the cylinders, 
wherein a number of sensors provided in the internal combustion engine for detecting an air- 
fuel ratio or an oxygen concentration is smaller than a number of the cylinders of the internal 
combustion engine. 

[0044] In the control apparatus, the coefficient for the air-fuel ratio feedback control 
is corrected to the predetermined coefficient such that a target air-fuel ratio is increased as the 
operation angle of the intake valve is decreased. 

[0045] According to another aspect of the invention, a control apparatus for a multi- 
cylinder internal combustion engine including a plurality of cylinders is provided with a 
controller that corrects a target air-fuel ratio on the basis of an operation angle of an intake 
valve of each of the cylinders, wherein a number of sensors provided in the internal 
combustion engine for detecting an air-fuel ratio or an oxygen concentration is smaller than a 
number of each of the cylinders of the internal combustion engine. 

[0046] In the control apparatus, the target air-fuel ratio is corrected such that an 
amount for correcting the target air-fuel ratio is increased as the operation angle of the intake 
valve is decreased. 

[0047] According to another aspect of the invention, the controller calculates the 
target air-fuel ratio when a variation in the air-fuel ratio among the cylinders is detected, 
calculates a relationship between the target air-fuel ratio and the operation angle of the intake 
valve on the basis of the calculated target air-fuel ratio and the operation angle of the intake 
valve obtained upon detection of the variation in the air-fuel ratio; and updates the target air- 
fuel ratio when the operation angle of the intake valve is changed on the basis of the changed 
operation angle of the intake valve and the calculated relationship between the target air-fuel 
ratio and the operation angle of the intake valve of the cylinder. 

[0048] The control apparatus of the invention corrects a predetermined coefficient 
relating to an air-fuel ratio feedback control on the basis of the operation angle of the intake 
valve. More specifically, the control apparatus corrects the target air-fuel ratio on the basis of 
the operation angle of the intake valve. For example, in the event that the overall air-fuel 
ratio shifts over to the rich side as a result of the target air-fuel ratio not being set 
appropriately due to the fact that the sensor is not sufficiently exposed to the gas, the control 
apparatus then corrects the target air-fuel ratio so as to shift the overall air-fuel ratio toward 
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the lean side. Also, when the actual operation angle of the intake valve deviates from the 
target operation angle, the target air-fuel ratio that is set on the basis of a value output by the 
sensor is likely to largely deviate from the appropriate target air-fuel ratio as the operation 
angle of the intake valve becomes smaller. In view of this fact, for example, the correction 
amount for the target air-fuel ratio is increased as the operation angle of the intake valve 
becomes smaller. This allows the value of the target air-fuel ratio to be made more 
appropriate than when the target air-fuel ratio is not corrected on the basis of the operation 
angle of the intake valve. That is, the control apparatus is capable of executing appropriate 
air-fuel ratio feedback control even when a sensor is not sufficiently exposed to the exhaust 
gas, i.e., even when a target air-fuel ratio calculated from a value output by a sensor is not an 
appropriate target air-fuel ratio. More specifically, when a variation in the air-fuel ratio 
among the cylinders is detected, the control apparatus calculates a target air-fuel ratio 
(corrects it to an appropriate target air-fuel ratio), and also calculates a relationship between 
that target air-fuel ratio and the operation angle of the intake valve obtained at that time. 
When the operation angle of the intake valve changes, the control apparatus then calculates 
the appropriate target air-fuel ratio on the basis of the changed operation angle of the intake 
valve and the calculated relationship. The relationship between the target air-fuel ratio and 
the operation angle of the intake valve can be represented by a relational expression or a map, 
for example. 

[0049] In the control apparatus, the controller reduces a variation in the air-fuel 
ratio among the cylinders by correcting a fuel injection quantity of each of the cylinders 
independently when an amount of correction of the calculated fuel injection quantity is 
smaller than a predetermined value, and guards the amount for correcting the calculated fuel 
injection quantity, corrects the target air-fuel ratio, and uniformly corrects each of the fuel 
injection quantity of all the cylinders on the basis of the corrected target air-fuel ratio when 
an amount of correction of the calculated fuel injection quantity is larger than the 
predetermined value. 

[0050] In view of the possibility that a large correction amount for the fuel injection 
quantity might result in a variation in torque, the control apparatus of the invention minimizes 
the variation in the air-fuel ratio between cylinders by individually correcting the fuel 
injection quantity in each of the cylinders when a calculated correction amount for the fuel 
injection quantity is small, and guards the calculated correction amount for the fuel injection 
quantity with a predetermined value when the correction amount for the fuel injection 
quantity is large. At the same time, the control apparatus also corrects the target air-fuel ratio 
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and then uniformly corrects the fuel injection quantity of all of the cylinders on the basis of 
that target air-fiiel ratio. Accordingly the air-fuel ratio can be appropriately controlled while 
minimizing the variation in torque. 

BKTKF DESCRIPTION OF THE DRAWINGS 

[0051] The invention will be described in conjunction with the following drawings, 
in which like reference numerals refer to similar elements, and wherein: 

Fig. 1 is a schematic block diagram of a control apparatus for an internal combustion 
engine according to an embodiment of the invention; 

Fig. 2 is a detailed view of an intake system and the like of the control apparatus for 
an internal combustion engine shown in Fig. 1; 

Fig. 3 is a plan view of an intake system and the like of the control apparatus for an 
internal combustion engine shown in Fig. 2; 

Fig. 4 is a detailed view of a cam and cam shaft for the intake valve shown in Fig. 1; 

Fig. 5 is a detailed view of the apparatus and the like for changing a valve lift amount; 

Fig. 6 is a graph showing the change in the valve lift amount of the intake valve 
following operation of an apparatus for changing the valve lift amount; 

Fig. 7 is a detailed view of the apparatus and the like for shifting an opening and 
closing timing of the intake valve shown in Fig. 1; 

Fig. 8 is a graph showing the shift in the opening and closing timing of the intake 
valve following operation of the apparatus for shifting the opening and closing timing of the 
intake valve; 

Fig. 9 is a detailed view of an intake system and the like of the control apparatus for 
another type of internal combustion engine according to an embodiment of the invention; 

Fig. 10 is a detailed view of an intake system and the like of the control apparatus for 
an internal combustion engine according to a third embodiment; 

Fig. 1 1 is a flow chart showing a method for learning fuel injection quantity variation 
according to the first and second embodiments, as well as modifications thereof; 

Fig. 12 is a flow chart showing a method for learning intake valve operation angle 
variation according to the second embodiment, as well as a modification thereof; 

Fig. 13 is a flow chart showing a method for learning intake valve operation angle 
variation according to the first and second embodiments, as well as modifications thereof; 

Fig. 14 is a flow chart showing a method for learning fuel injection quantity variation 
according to a fourth embodiment through a sixth embodiment, as well as modifications 
thereof; 
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Fig. 15 is a flow chart showing a method for learning valve overlap amount variation 
according to the sixth embodiment, as well as a modification thereof; 

Fig. 16 is a flow chart showing a method for learning valve overlap amount variation 
according to the fourth and fifth embodiments, as well as modifications thereof; 

Fig. 17 is a schematic block diagram of a control apparatus for an internal combustion 
engine according to a seventh embodiment; 

Fig. 18 is a flow chart showing a method for controlling so as to minimize variation 
between cylinders according to an eighth embodiment; 

Fig. 19 is a graph showing a relationship between the fuel injection quantity 
correction coefficient and the operation angle of an intake valve; 

Fig. 20 is a flow chart showing a method for controlling so as to correct the target air- 
fuel ratio according to a ninth embodiment; 

Fig. 21 is a graph showing a relationship between the target air-fuel ratio and the 
operation angle of an intake valve; and 

Fig. 22 is a flow chart showing a method for controlling so as to minimize variation 
between cylinders according to a tenth embodiment. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0052] Hereinafter embodiments of the invention will be described with reference 
to the attached drawings. 

[0053] Figs. 1 through 3, which illustrate an embodiment of the invention for 
controlling a first type of an internal combustion engine 1, show an intake valve 2, an exhaust 
valve 3, a cam 4 for opening and closing the intake valve 2, a cam 5 for opening and closing 
the exhaust valve 3, a cam shaft 6 which supports the cam 4, and a cam shaft 7 which 
supports the cam 5. As shown in Fig. 4, the cam profile of the cam 4 according to this 
exemplary embodiment is modified in the direction along the central axis of the cam shaft, 
i.e., the left end of the nose of the first cam 4 in the figure is higher than the right end thereof. 
This feature may be utilized to change the valve lift amount of the intake valve 2 depending 
on the contact between the valve lifter and one end of the cam 4. That is, when the valve 
lifter contacts the right end of the cam 4, the valve lift amount will become smaller than the 
valve lift amount obtained when the valve lifter contacts the left end of the cam 4. 

[0054] Figs. 1 through 3 also show a combustion chamber 8 formed in a cylinder 
and a valve lift amount changing device 9 for shifting the cam 4 in the direction along the 
central axis of the cam shaft with respect to the intake valve 2 to change the valve lift 
amount. That is, operating the valve lift amount changing device 9 brings the left or right end 
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(in Fig. 4) of the cam 4 into contact with the valve lifter selectively. Changing the valve lift 
amount of the intake valve 2 by the valve lift amount changing device 9 consequentially 
changes the open area of the intake valve 2. The intake valve 2 according to this exemplary 
embodiment is structured such that the open area of the intake valve 2 increases as the valve 
lift amount increases. Figs. 1 through 3 also show a driver 10 for driving the valve lift 
amount changing device 9 and an opening/closing timing shift device 11 for shifting the 
opening/closing timing of the intake valve 2 regardless of a change in the open period 
thereof. That is, operation of the opening/closing timing shift device 1 1 enables the 
opening/closing timing of the intake valve 2 to be shifted to the advance side or the retard 
side. The figures also show an oil control valve 12 for controlling an oil pressure for 
operating the opening/closing timing shift device 1 1 . Both the valve lift amount changing 
device 9 and the opening/closing timing shift device 1 1 are included in the variable valve 
train in this exemplary embodiment. 

[0055] Figs. 1 through 3 also show a crank shaft 13, an oil pan 14, a fuel injection 
valve 15, a first sensor 16 for detecting both a valve lift amount and an opening/closing 
timing shift amount of the intake valve 2, a second sensor 17 for detecting an engine speed, 
an intake pipe pressure sensor 18 for detecting a pressure within an intake pipe that supplies 
intake air to the cylinder, an airflow meter 19, a coolant temperature sensor 20 for detecting a 
temperature of a coolant in the internal combustion engine 1, an intake air temperature sensor 
21 for detecting a temperature within the intake pipe for intake air to be supplied to the 
cylinder, an ECU (electronic control unit) 22, a cylinder 50, intake pipes 51 and 52, a surge 
tank 53, an exhaust pipe 54, a spark plug 55, a throttle valve 56, the opening amount of which 
changes regardless of the accelerator pedal operation amount, and an air-fuel ratio sensor 57 
for detecting an exhaust gas air-fuel ratio. 

[0056] Fig. 5 shows a magnetic body 30 connected to the cam shaft 6, a coil 3 1 for 
urging the magnetic body 30 to the left, and a compression spring 32 for urging the magnetic 
body 30 to the right. As the amount of current passing through the coil 3 1 increases, the 
amount by which the cam 4 and the cam shaft 6 shift to the left increases and the valve lift 
amount of the intake valve 2 decreases. 

[0057] As shown in Fig. 6, the valve lift amount of the intake valve 2 increases as 
the amount of current passing through the coil 3 1 decreases (solid line — » broken line — » 
chain line). Further in this exemplary embodiment, the closed period of the intake valve 2 
also changes as the valve lift amount changing device 9 is operated. That is, the operation 
angle of the intake valve 2 also changes. More specifically, the operation angle of the intake 
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valve 2 increases as the valve lift amount of the intake valve 2 increases (solid line -» broken 
line -> chain line). Moreover in this embodiment, the timing at which the valve lift amount 
of the intake valve 2 is at its peak also changes as the valve lift amount changing device 9 is 
operated. More specifically, the timing at which the valve lift amount of the intake valve 2 is 
at its peak is retarded as the valve lift amount of the intake valve 2 increases (solid line -» 
broken line — > chain line). 

[0058] Fig. 7 shows an advance side oil passage 40 for shifting the opening/closing 
timing of the intake valve 2 to the advance side, a retard side oil passage 41 for shifting the 
opening/closing timing of the intake valve 2 to the retard side, and an oil pump 42. The 
opening/closing timing of the intake valve 2 shifts to the advance side as the oil pressure 
within the advance side oil passage 40 increases. That is, the rotation phase of the cam shaft 
6 is advanced with respect to the crank shaft 13. Conversely, the opening/closing timing of 
the intake valve 2 shifts to the retard side as the oil pressure within the retard side oil passage 
41 increases. That is, the rotation phase of the cam shaft 6 is retarded with respect to the 
crank shaft 13. 

[0059] As shown in Fig. 8, the opening/closing timing of the intake valve 2 shifts to 
the advance side as the oil pressure within the advance side oil passage 40 increases (solid 
line — » broken line — » chain line). At this time, the open period of the intake valve 2 does not 
change, i.e., the length of the period during which the intake valve 2 is open does not change. 

[0060] In Fig. 9, reference numerals that are the same as those in Figs. 1 through 8 
represent the same or like parts as those shown in Figs. 1 through 8. In this embodiment for 
controlling a second type of internal combustion engine, the cam for driving the exhaust 
valve has generally the same configuration as the cam 4 shown in Fig. 4. Fig. 9 also shows a 
valve lift amount changing device 9' for shifting the cam for driving the exhaust valve in the 
direction along the central axis of the cam shaft with respect to the exhaust valve 3 to change 
the valve lift amount of the exhaust valve 3 . This valve lift amount changing device 9' has 
generally the same configuration as the valve lift amount changing device 9. Fig. 9 also 
shows an opening/closing timing shift device 1 1' for shifting the opening/closing timing of 
the exhaust valve 3 regardless of the open period of the exhaust valve 3. This 
opening/closing timing shift device 11' has generally the same configuration as the 
opening/closing timing shift device 11. 

[0061] In Fig. 1 0, which illustrates an embodiment for controlling a third type of 
internal combustion engine 2, reference numerals that are the same as those in Figs. 1 through 
8 represent the same or like parts as those shown in Figs. 1 through 8. Fig. 10 also shows an 
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intake valve driving device 58 which is capable of driving individual intake valves 2 (refer to 
Fig. 3) independently, e.g., an electromagnetic driving type intake valve driving device, and 
an exhaust valve driving device 58' which is capable of driving individual exhaust valves 3 
(refer to Fig. 3) independently, e.g., an electromagnetic driving type exhaust valve driving 
device. 

[0062] In modifications of the foregoing exemplary embodiments, the throttle valve 
56 may be eliminated. 

[0063] In the foregoing exemplary embodiments and modifications thereof, when 
the air-fuel ratio of a cylinder among a plurality of cylinders Nos. 1 through 4, is calculated 
based on a value output from the air-fuel ratio sensor 57 and the valve lift amount of the 
intake valve 2 and/or exhaust valve 3 of each cylinder is controlled, a variation in the air-fuel 
ratio between cylinders is able to be reduced. If variation in the fuel injection quantity exists 
between cylinders, however, even if the variation in the air-fuel ratio between cylinders is 
reduced, a variation in torque between cylinders is generated, resulting in a pulsation (torque 
variation). Therefore, according to the first and second exemplary embodiments and 
modifications thereof, control such as that to be described later is performed to both reduce 
variation in the air-fuel ratio between cylinders and reduce variation in the torque between 
cylinders. 

[0064] A routine according to a method for learning fuel injection quantity variation 
according to the foregoing embodiments and modification thereof as shown in Fig. 1 1 is 
performed at predetermined intervals. As shown in the figure, when this routine starts, it is 
determined in Step 100 whether the operation angle of the intake valve 2 is at its maximum, 
as illustrated by the chain line in Fig. 6, for example. When the above determination is 
"NO", i.e., when the operation angle of the intake valve 2 is relatively small, such that the 
open area of the intake valve 2 is relatively small, the intake air amount to be introduced into 
the cylinder 50 is determined based on the open area of the intake valve 2. In the event that 
variation in the operation angle of the intake valve 2 among cylinders exists temporarily, the 
intake air amount varies among cylinders and it is determined that learning variation in the 
fuel injection quantity is not possible and the routine ends. Meanwhile, when the 
determination in Step 100 is "YES", then the intake air amount to be introduced into the 
cylinder 50 is determined based on the opening amount of the throttle valve 56 or the cross- 
sectional area of the portion of the intake pipes 51 and 52 having the smallest internal 
circumference. Even if variation in the operation angle of the intake valve 2 exists among 
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cylinders, it is determined that the intake air amount does not vary among cylinders, and the 
process proceeds to Step 101. 

[0065] In Step 101, it is determined whether it is time to calculate the exhaust gas 
air-fuel ratio of the specified cylinder No. N among a plurality of cylinders Nos. 1 through 4. 
When the determination is "NO", the routine ends. When the determination is "YES", the 
process proceeds to Step 102. In Step 102, the exhaust gas air-fuel ratio of the cylinder No. 
N, for example, is detected for several cycles and the mean air-fuel ratio thereof is calculated. 
This mean air-fuel ratio calculation is performed for all of the cylinders Nos. 1 through 4. 
Next, in Step 103, the variation AQn in the fuel injection quantity among the cylinders is 
calculated using the air-fuel ratio of each of the cylinders Nos. 1 through 4 calculated in Step 
102 on the assumption that the intake air amounts to be introduced into each of the cylinders 
Nos. 1 through 4 are all the same. 

[0066] Next in Step 104, a variation rate Qrate-n of the fuel injection quantity is 
calculated based on the variation AQn in the fuel injection quantity between the cylinders 
calculated in Step 103. Then in Step 105, the fuel injection quantity of each of the cylinders 
Nos. 1 through 4 is corrected so as to eliminate or reduce the variation in the fuel injection 
quantity among the cylinders. 

[0067] In the aforementioned case, when it is determined in Step 100 that the 
operation angle of the intake valve 2 is set to the maximum operation angle, the exhaust gas 
air-fuel ratio of that cylinder is then calculated in Step 102. That is, when it is determined in 
Step 100 that the operation angle of the intake valve 2 is set such that the intake air amount 
introduced into the cylinder is not limited by the operation angle of the intake valve 2, the 
exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. More specifically, 
when it is determined in Step 100 that the operation angle of the intake valve 2 is set such 
that the intake air amount introduced into the cylinder is limited by the opening amount of the 
throttle valve 56, and not limited by the operation angle of the intake valve 2, the exhaust gas 
air-fuel ratio of that cylinder is calculated in Step 102. In other words, for the exhaust gas 
air-fuel ratio of a cylinder to be calculated in Step 102, the operation angle of the intake valve 
2 is set, in a step which is not shown, such that the intake air amount introduced into that 
cylinder is limited by the opening amount of the throttle valve 56, and is not limited by the 
operation angle of the intake valve 2. That is, by making the opening amount of the throttle 
valve 56 when the exhaust gas air-fuel ratio of the first cylinder No. 1 is calculated and the 
opening amount of the throttle valve 56 when the exhaust gas air-fuel ratios of the other 
cylinders Nos. 2 through 4 are calculated substantially the same, it is possible to make the 
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intake air amount to be introduced into the first cylinder No. 1 when the exhaust gas air-fuel 
ratio thereof is calculated and the intake air amount introduced into the other cylinders Nos. 2 
through 4 when the exhaust gas air-fuel ratios thereof are calculated the same. 

[0068] Further, according to the foregoing embodiments, when it is determined in 
Step 100 that the intake air amount to be introduced into the cylinder No. 1 upon calculation 
of the exhaust gas air-fuel ratio is the same as that to be introduced into the other cylinders 
Nos. 2 through 4 upon calculation of the exhaust gas air-fuel ratios, variation in the fuel 
injection quantity among the cylinders is minimized in Step 105 by the exhaust gas air-fuel 
ratio. That is, after making the intake air amount in all of the cylinders the same, the fuel 
injection quantity is corrected such that the exhaust gas air-fuel ratios in all of the cylinders 
are the same. This makes it possible to reduce both the variation in the air-fuel ratio among 
cylinders and the variation in the torque among cylinders. 

[0069] In other words, according to the embodiments, when it is determined in Step 
100 that the valve opening characteristics of the intake valve 2 are set such that the intake air 
amount to be introduced into the cylinder is limited by the opening amount of the throttle 
valve 56, and not limited by the valve opening characteristics of the intake valve 2, the 
exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. That is, for the 
exhaust gas air-fuel ratio of a cylinder to be calculated in Step 102, the valve opening 
characteristics of the intake valve 2 are set, in a step which is not shown, such that the intake 
air amount to be introduced into that cylinder is limited by the opening amount of the throttle 
valve 56, and is not limited by the valve opening characteristics of the intake valve 2. 

[0070] Also according to modifications of the aforementioned embodiments in 
which the throttle valve 56 is not provided, when it is determined in Step 100 that the 
operation angle of the intake valve 2 is set to the maximum operation angle, the exhaust gas 
air-fuel ratio of that cylinder is calculated in Step 102. That is, when it is determined in Step 
100 that the operation angle of the intake valve 2 is set so as not to limit the intake air amount 
to be introduced into the cylinder, the exhaust gas air-fuel ratio of that cylinder is then 
calculated in Step 102. More specifically, when it is determined in Step 100 that the 
operation angle of the intake valve 2 is set such that the intake air amount to be introduced 
into the cylinder is limited by the cross-sectional area of a portion of the intake pipes 5 1 and 
52 having the smallest internal circumference, and is not limited by the operation angle of the 
intake valve 2, the exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. In 
other words, for the exhaust gas air-fuel ratio of a cylinder to be calculated in Step 102, the 
operation angle of the intake valve 2 is set, in a step (not shown) to the maximum operation 
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angle such that the intake air amount to be introduced into the cylinder is limited by the 
cross-sectional area of a portion of the intake pipes 51 and 52 having the smallest internal 
circumference, and not limited by the operation angle of the intake valve 2. 

[0071] In other words, according to the above-described modifications, when it is 
determined in Step 100 that the valve opening characteristics of the intake valve 2 are set 
such that the intake air amount to be introduced into the cylinder is limited by the cross- 
sectional area of a portion of the intake pipes 51 and 52 having the smallest internal 
circumference, and not limited by the valve opening characteristics of the intake valve 2, the 
exhaust gas air-fuel ratio of that cylinder is calculated in Step 102. That is, for the exhaust 
gas air-fuel ratio of a cylinder to be calculated in Step 102, the valve opening characteristics 
of the intake valve 2 are set, in a step (not shown) such that the intake air amount to be 
introduced into that cylinder is limited by the cross- sectional area of a portion of the intake 
pipes 51 and 52 having the smallest internal circumference, and is not limited by the valve 
opening characteristics of the intake valve 2. 

[0072] Also according to the exemplary embodiments and modifications thereof, 
the variation among cylinders is able to be reduced based on the operation angle of the intake 
valve. More specifically, the variation in the fuel injection quantity among cylinders can be 
reduced by the operation angle of the intake valve. Even more specifically, when it is 
determined in Step 100 in Fig. 1 1 that the operation angle of the intake valve assumes a 
maximum value, the variation in the fuel injection quantity between the cylinders is 
minimized in Step 105. Therefore, when it is possible to change the operation angle of the 
intake valve, it is possible to control the variation in the air-fuel ratio between the cylinders 
more appropriately than when the variation between cylinders is not controlled by the 
operation angle of the intake valve. In other words, it is possible to appropriately control the 
variation in the air-fuel ratio among the cylinders. 

[0073] A routine according to the method for learning intake valve operation angle 
variation, according to the embodiment for controlling the third type of the internal 
combustion engine and a modification thereof shown in Fig. 12 is executed at predetermined 
intervals, just as the routine shown in Fig. 11. In Fig. 12, when this routine starts, it is first 
determined in Step 150 whether the correction control in Step 105 in Fig. 1 1 has been 
completed. If the correction of the fuel injection quantity for all of the cylinders is not yet 
complete, then it is determined that the variation in the operation angle of the intake valve 2 
among the cylinders can not be reduced and the routine ends. If the correction of the fuel 
injection quantity for all of the cylinders is complete, then the process proceeds to Step 151. 
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In Step 151, it is determined whether the operation angle of the intake valve 2 is equal to or 
less than a predetermined threshold value. That is, it is determined whether the operation 
angle of the intake valve 2 is set to a relatively small value such that the intake air amount to 
be introduced into the cylinder is limited by the operation angle of the intake valve 2, and not 
limited by the opening amount of the throttle valve 56. If the determination is "NO", the 
routine ends. If the determination is "YES", the process proceeds to Step 1 52. 

[0074] In Step 152, it is determined whether it is time to calculate the exhaust gas 
air-fiiel ratio of the specified cylinder, for example, cylinder No. N, among the plurality of 
cylinders Nos. 1 through 4. If the determination is "NO", the routine ends. If the 
determination is "YES", the process proceeds to Step 153. In Step 153, the exhaust gas air- 
fuel ratio of the cylinder No. N is detected for several cycles and the mean air-fuel ratio 
thereof is calculated. This mean air-fuel ratio calculation is performed for all of the cylinders 
Nos. 1 through 4. Next in Step 154, the variation AQ in the intake air amount among the 
cylinders is calculated using the air-fuel ratio of each of the cylinders Nos. 1 through 4 
calculated in Step 153 on the assumption that the fuel injection quantity of each of the 
cylinders Nos. 1 through 4 is the same. 

[0075] Next in Step 155, the variation AAng in the operation angle of the intake 
valve 2 of a specified cylinder, for example, cylinder No. N, is calculated based on the 
variation AQ in the intake air amount among the cylinders calculated in Step 1 54. This 
calculation of the variation AAng in the operation angle of the intake valve 2 is performed for 
all of the cylinders Nos. 1 through 4. Next in Step 156, the intake valve driving device 58 
corrects the operation angle of the intake valve 2 of each of the cylinders Nos. 1 through 4 
such that the variation in the operation angle of the intake valves 2 among the cylinders is 
reduced, i.e., such that the variation in the intake air amount among the cylinders is reduced. 

[0076] According to the embodiment for controlling the third type of the internal 
combustion engine, after reducing the variation in the fuel injection quantity between the 
cylinders in Step 105 in Fig. 1 1, when it is determined in Step 151 that the valve opening 
characteristics of the intake valve 2 are set so that the intake air amount to be introduced into 
the cylinder is limited by the valve opening characteristics of the intake valve 2, and not 
limited by the opening amount of the throttle valve 56, the process proceeds to Step 153. In 
Step 153, the exhaust gas air-fuel ratio of that cylinder is calculated and then in Step 156 the 
variation in the valve opening characteristics of the intake valve 2 among cylinders is reduced 
by that exhaust gas air-fuel ratio. That is, after reducing the variation in the fuel injection 
quantity among the cylinders, the valve opening characteristics of the intake valve 2 of each 
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of the cylinders Nos. 1 through 4 are changed such that the exhaust gas air-fuel ratio of the 
cylinder No. 1 and the exhaust gas air-fuel ratios of the other cylinders Nos. 2 through 4 are 
the same. Therefore, even if there is variation in the fuel intake quantity among the cylinders, 
no variation in torque among cylinders is generated and variation in the valve opening 
characteristics of the intake valve 2 among the cylinders can be reduced. 

[0077] Also, according to a modification of the embodiment, after reducing the 
variation in the fuel injection quantity among the cylinders in Step 105 in Fig. 1 1, when it is 
determined in Step 151 that the valve opening characteristics of the intake valve 2 are set so 
that the intake air amount to be introduced into the cylinder is limited by the valve opening 
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m_ of the intake pipes 5 1 and 52 having the smallest internal circumference, the process proceeds 

Cil to Step 153. In Step 153, the exhaust gas air-fuel ratio of that cylinder is calculated and then 
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P in Step 156, the variation in the valve opening characteristics of the intake valve 2 among 
=! " cylinders is reduced by that exhaust gas air-fiiel ratio. That is, after reducing the variation in 
Cil the fuel injection quantity among the cylinders, the valve opening characteristics of the intake 
|,| valve 2 of each of the cylinders Nos. 1 through 4 are changed such that the exhaust gas air- 
J ;j fuel ratio of the cylinder No. 1 and the exhaust gas air-fuel ratios of the other cylinders Nos. 2 
f | • through 4 are the same. Therefore, even if there is variation in the fuel intake quantity among 
cylinders, no variation in torque among cylinders is generated and the variation in the valve 
opening characteristics of the intake valves 2 among the cylinders can be reduced. 

[0078] More specifically, according to the embodiment for controlling the third 
type of the internal combustion engine and the modification thereof, after reducing the 
variation in the fuel injection quantity among the cylinders in Step 105 in Fig. 1 1, when it is 
determined in Step 151 that the operation angle of the intake valve 2 is set to a predetermined 
angle which is smaller than the maximum operation angle, the process proceeds to Step 153. 
In Step 153, the exhaust gas air-fuel ratio is calculated and then in Step 156, the variation in 
the operation angle of the intake valve 2 among the cylinders is reduced by that exhaust gas 
air-fuel ratio. That is, after reducing the variation in the fuel injection quantity among the 
cylinders, the operation angle of the intake valve 2 of each of the cylinders Nos. 1 through 4 
is changed such that the exhaust gas air-fuel ratio of the cylinder No. 1 and the exhaust gas 
air-fuel ratios of the other cylinders Nos. 2 through 4 are the same. Therefore, even if there is 
variation in the fuel intake quantity among cylinders, no variation in torque among cylinders 
is generated and the variation in the operation angle of the intake valve 2 among the cylinders 
can be reduced. 
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[0079] According to the foregoing embodiment and the modification thereof, after 
reducing the variation in the fuel injection quantity among the cylinders in Step 105 in Fig. 
11, when it is determined in Step 151 that the operation angle of the intake valve 2 is set to a 
predetermined operation angle that is smaller than the maximum operation angle, the process 
proceeds to Step 153. In Step 153, the exhaust gas air-fuel ratio is calculated and then in Step 
156, the variation in the intake air amount among cylinders is reduced by that exhaust gas air- 
fuel ratio. That is, after reducing the variation in the fuel injection quantity among the 
cylinders, the operation angle of the intake valve 2 of each of the cylinders Nos. 1 through 4 
is changed such that the exhaust gas air-fuel ratio of the cylinder No. 1 and the exhaust gas 
air-fuel ratios of the other cylinders Nos. 2 through 4 are the same. Therefore, even if there is 
variation in the fuel intake quantity among the cylinders, no variation in torque among 
cylinders is generated and the variation in the intake air amount among the cylinders can be 
reduced. 

[0080] Also according to the embodiments for controlling the first to the third type 
of the internal combustion engines and modifications thereof, a variation among cylinders is 
reduced by the operation angle of the intake valve. More specifically, when it is determined 
in Step 151 in Fig. 12 that the operation angle of the intake valve 2 is equal to or less than a 
predetermined threshold value, the variation in the operation angle of the intake valve 2 
among the cylinders is reduced in Step 156. Therefore, when it is possible to change the 
operation angle of the intake valve, the variation in the air-fuel ratio among the cylinders can 
be controlled more appropriately than when the variation in the operation angle of the intake 
valve 2 among the cylinders is controlled irrespective of the aforementioned threshold value. 
In other words, it is possible to appropriately control the variation in the air-fuel ratio among 
the cylinders. 

[0081] A routine according to the method for learning intake valve operation angle 
variation, according to the embodiment for controlling the first and the second type of the 
internal combustion engines and modifications thereof, shown in Fig. 13 is executed at 
predetermined intervals, just as is the routine shown in Fig. 11. As shown in Fig. 13, when 
this routine starts, it is first determined in Step 150 whether the control for reducing the 
variation in the fuel injection quantity in Step 105 shown in Fig. 1 1 has been completed, just 
as in Fig. 12. If the control is not yet complete, it is determined that the variation in the 
operation angle of the intake valve 2 among the cylinders can not be reduced. Accordingly 
the routine ends. If the correction of the fuel injection quantity for all of the cylinders is 
complete, the process proceeds to Step 151. In Step 151, just as in Fig. 12, it is determined 
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whether the operation angle of the intake valve 2 is equal to or less than a predetermined 
threshold value. If the determination is "NO", the routine ends. If the determination is 
"YES", the process proceeds to Step 152. 

[0082] In Step 152, it is determined whether it is time to calculate the exhaust gas 
air-fuel ratio of the specified cylinder, for example, the cylinder No. N, among a plurality of 
cylinders Nos. 1 through 4, just as in Fig. 12. If the determination is "NO", the routine ends. 
If the determination is "YES", the process proceeds to Step 153. In Step 153, the exhaust gas 
air-fuel ratio of the cylinder No. N, for example, is detected for several cycles and the mean 
air-fuel ratio thereof is calculated, just as in Fig. 12. Next in Step 154, the variation AQ in the 
intake air amount among the cylinders is calculated using the air-fuel ratio of each of the 
cylinders Nos. 1 through 4 calculated in Step 153 on the assumption that the fuel injection 
quantity in each of the cylinders Nos. 1 through 4 are all the same, also just as in Fig. 12. 

[0083] Next in Step 250, the fuel injection quantity of each cylinder is corrected 
based on the variation AQ in the intake air amount among the cylinders calculated in Step 154 
such that the torque of all of the cylinders Nos. 1 through 4 is the same. Then in Step 251, 
the ignition timing of each cylinder is corrected based on the variation AQ in the intake air 
amount among the cylinders calculated in Step 154 such that the torque of all of the cylinders 
Nos. 1 through 4 is the same. For example, the ignition timing in a cylinder in which the 
intake air amount is relatively large is retarded during operation under high load of the 
engine, in which knocking tends to occur. 

[0084] According to the embodiment for controlling the first and second type of the 
internal combustion engines, after reducing the variation in the fuel injection quantity among 
the cylinders in Step 105 shown in Fig. 11, when it is determined in Step 151 shown in Fig. 
13 that the valve opening characteristics of the intake valve 2 are set such that the intake air 
amount to be introduced into the cylinder is limited by the valve opening characteristics of 
the intake valve 2, and not limited by the opening amount of the throttle valve 56, the process 
proceeds to Step 153. In Step 153, the exhaust gas air-fuel ratio of that cylinder is calculated 
and then in Step 250 and Step 251, the fuel injection quantity and the ignition timing, 
respectively, are corrected so as to reduce the variation in torque among cylinders. 

[0085] According to the foregoing embodiments and modifications thereof, after 
reducing the variation in the fuel injection quantity among the cylinders in Step 105 shown in 
Fig. 11, when it is determined in Step 151 in Fig. 13 that the valve opening characteristics of 
the intake valve 2 are set so that the intake air amount to be introduced into the cylinder is 
limited by the valve opening characteristics of the intake valve 2, and not limited by the 
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cross-sectional area of the portion of the intake pipes 51 and 52 having the smallest internal 
circumference, the process proceeds to Step 153. In Step 153, the exhaust gas air-fuel ratio 
of that cylinder is calculated and then in Step 250 and Step 251 the fuel injection quantity and 
ignition timing, respectively, are corrected so as to reduce the variation in torque among the 
cylinders. 

[0086] According to the embodiment for controlling the first to the third type of the 
internal combustion engine and the modifications thereof, the variation among cylinders is 
controlled based on the operation angle of the intake valve. More specifically, when it is 
determined in Step 151 shown in Fig. 13 whether the operation angle of the intake valve 2 is 
equal to or less than a predetermined threshold value, the variation in the air-fuel ratio among 
the cylinders is controlled in Step 250. Therefore, when it is possible to change the operation 
angle of the intake valve, the variation in the air-fuel ratio among the cylinders can be 
controlled more appropriately than when the variation in the air-fuel ratio among the 
cylinders is controlled irrespective of the aforementioned threshold value. In other words, it 
is possible to appropriately control the variation in the air-fuel ratio among the cylinders. 

[0087] Hereinafter, additional embodiments of a control apparatus for an internal 
combustion engine according to the invention will be described. The configurations of these 
embodiments are substantially the same as the configurations of each of the foregoing 
embodiments. Also, configurations of modifications of these embodiments are substantially 
the same as the configurations of the foregoing modifications of each of the embodiments. 

[0088] A routine according to the method for learning fuel injection quantity 
variation according to the foregoing embodiments and modifications thereof as shown in Fig. 
14 is executed at predetermined intervals just as the routine shown in Fig. 1 1 . Referring to 
Fig. 14, when this routine starts, it is first determined in Step 300 whether a valve overlap 
amount of the intake valve 2 and the exhaust valve 3 is minimum. When the determination is 
"NO", i.e., when the valve overlap amount of the intake valve 2 and the exhaust valve 3 is 
relatively large, the intake air amount to be introduced into the cylinder 50 is determined by 
the valve overlap amount of the intake valve 2 and the exhaust valve 3 . When there is 
temporary variation in the valve overlap amount between the cylinders, a variation in the 
intake air amount is generated and it is determined that variation in the fuel injection quantity 
cannot be learned, and the routine ends. However, when the determination in Step 300 is 
"YES", the intake air amount to be introduced into the cylinder 50 is determined by the 
opening amount of the throttle valve 56 or the cross-sectional of the portion of the intake 
pipes 51 and 52 having the smallest internal circumference, because the blow back gas 
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amount from the cylinder 50 to the intake pipe 51 is small. Even when there is a variation in 
the valve overlap amount of the intake valve 2 and the exhaust valve 3 among the cylinders, it 
is determined that no variation in the intake air amount is generated between the cylinders, 
and the process proceeds to Step 101. 

[0089] In Step 101, it is determined whether it is time to calculate the exhaust gas 
air-fiiel ratio of the specified cylinder, for example, the cylinder No. N, among a plurality of 
cylinders Nos. 1 through 4, just as was shown in Fig. 1 1 . When the determination is "NO", 
the routine ends. When the determination is "YES", the process proceeds to Step 102. In 
Step 102, the exhaust gas air-fuel ratio of the cylinder No. N, for example, is detected for 
several cycles and the mean air-fuel ratio thereof is calculated, just as was shown in Fig. 11. 
Next in Step 103, a variation AQn in the fuel injection quantity among the cylinders detected 
in Step 102 is calculated using the air-fuel ratio of each of the cylinders Nos. 1 through 4, just 
as was shown in Fig. 1 1 . 

[0090] Next in Step 104, a variation rate Qrate-n of the fuel injection quantity is 
calculated based on the variation AQn in the fuel injection quantity among the cylinders 
calculated in Step 103, just as was shown in Fig. 11. Then in Step 105, the fuel injection 
quantity of each of the cylinders Nos. 1 through 4 is corrected so as to reduce the variation in 
the fuel injection quantity among the cylinders, just as was shown in Fig. 1 1 . 

[0091] According to the embodiments, when it is determined in Step 300 that the 
valve overlap amount of the intake valve 2 and the exhaust valve 3 is set to the minimum 
value, the exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. That is, 
when it is determined in Step 300 that the valve overlap amount of the intake valve 2 and the 
exhaust valve 3 is set so as not to limit the intake air amount to be introduced into the 
cylinder, the exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. More 
specifically, when it is determined in Step 300 that the valve overlap amount of the intake 
valve 2 and the exhaust valve 3 is set such that the intake air amount to be introduced into the 
cylinder is limited by the opening amount of the throttle valve 56, and not limited by the 
valve overlap amount, the exhaust gas air-fuel ratio of that cylinder is calculated in Step 102. 
In other words, for the exhaust gas air-fuel ratio of a cylinder to be calculated in Step 102, the 
valve overlap amount of the intake valve 2 and the exhaust valve 3 is set, in a step which is 
not shown, such that the intake air amount to be introduced into that cylinder is limited by the 
opening amount of the throttle valve 56, and not limited by the valve overlap amount of the 
intake valve 2 and the exhaust valve 3. That is, by making the opening amount of the throttle 
valve 56 when the exhaust gas air-fuel ratio of the first cylinder No. 1 is calculated and the 
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opening amount of the throttle valve 56 when the exhaust gas air-fuel ratios of the other 
cylinders Nos. 2 through 4 are calculated substantially the same, it is possible to make the 
intake air amount to be introduced into the first cylinder No. 1 upon calculation of the 
exhaust gas air-fuel ratio thereof and the intake air amount to be introduced into the other 
cylinders Nos. 2 through 4 upon calculation of the exhaust gas air-fuel ratios thereof the 
same. 

[0092] Further, in the embodiments, when it is determined in Step 300 that the 
intake air amount to be introduced into the cylinder No. 1 when the exhaust gas air-fuel ratio 
thereof is calculated and the intake air amount to be introduced into the other cylinders Nos. 2 
through 4 when the exhaust gas air-fuel ratios thereof are calculated are the same, the 
variation in the fuel injection quantity among the cylinders is reduced in Step 105 based on 
the exhaust gas air-fuel ratio. That is, after making the intake air amount in all of the 
cylinders the same, the fuel injection quantity is corrected such that the exhaust gas air-fuel 
ratios in all of the cylinders are the same. This allows both the variation in the air-fuel ratio 
among cylinders, as well as the variation in the torque among cylinders, to be reduced. 

[0093] In other words, according to the embodiments, when it is determined in Step 
300 that the valve opening characteristics of the intake valve 2 and the exhaust valve 3 are set 
such that the intake air amount to be introduced into the cylinder is limited by the opening 
amount of the throttle valve 56, and not limited by the valve opening characteristics of the 
intake valve 2 and the exhaust valve 3, the exhaust gas air-fuel ratio of that cylinder is then 
calculated in Step 102. That is, for the exhaust gas air-fuel ratio of a cylinder to be calculated 
in Step 102, the valve opening characteristics of the intake valve 2 and the exhaust valve 3 
are set, in a step which is not shown, such that the intake air amount to be introduced into that 
cylinder is limited by the opening amount of the throttle valve 56, and not limited by the 
valve opening characteristics of the intake valve 2 and the exhaust valve 3. 

[0094] Also, according to modifications of the embodiments in which the throttle 
valve 56 is not provided, just as in the embodiments, when it is determined in Step 300 that 
the valve overlap amount of the intake valve 2 and the exhaust valve 3 is set to the minimum 
value, the exhaust gas air-fuel ratio of that cylinder is calculated in Step 102. That is, when it 
is determined in Step 300 that the valve overlap amount of the intake valve 2 and the exhaust 
valve 3 is set so as not to limit the intake air amount to be introduced into the cylinder, the 
exhaust gas air-fuel ratio of that cylinder is then calculated in Step 102. More specifically, 
when it is determined in Step 300 that the valve overlap amount of the intake valve 2 and the 
exhaust valve 3 is set such that the intake air amount to be introduced into the cylinder is 
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limited by the cross-sectional area of a portion of the intake pipes 5 1 and 52 having the 
smallest internal circumference, and not limited by the valve overlap amount of the intake 
valve 2 and the exhaust valve 3, the exhaust gas air-fuel ratio of that cylinder is then 
calculated in Step 102. In other words, for the exhaust gas air-fuel ratio of a cylinder to be 
calculated in Step 102, the valve overlap amount of the intake valve 2 and the exhaust valve 3 
are set, in a step which is not shown, to the minimum value such that the intake air amount to 
be introduced into the cylinder is limited by the cross-sectional area of a portion of the intake 
pipes 51 and 52 having the smallest internal circumference, and not limited by the valve 
overlap amount of the intake valve 2 and the exhaust valve 3. 

[0095] In other words, according to modifications of the embodiments, when it is 
determined in Step 300 that the valve opening characteristics of the intake valve 2 and the 
exhaust valve 3 are set such that the intake air amount to be introduced into the cylinder is 
limited by the cross-sectional area of a portion of the intake pipes 51 and 52 having the 
smallest internal circumference, and not limited by the valve opening characteristics of the 
intake valve 2 and the exhaust valve 3, the exhaust gas air-fuel ratio of that cylinder is then 
calculated in Step 102. That is, for the exhaust gas air-fuel ratio of a cylinder to be calculated 
in Step 102, the valve opening characteristics of the intake valve 2 and the exhaust valve 3 
are set, in a step which is not shown, such that the intake air amount to be introduced into that 
cylinder is limited by the cross-sectional area of a portion of the intake pipes 51 and 52 
having the smallest internal circumference, and not limited by the valve opening 
characteristics of the intake valve 2 and the exhaust valve 3. 

[0096] Also, according to the foregoing embodiments and modifications, the 
variation among cylinders is able to be reduced based on the valve overlap amount of the 
intake valve 2 and the exhaust valve 3. More specifically, the variation in the fuel injection 
quantity among cylinders can be reduced based on the valve overlap amount of the intake 
valve 2 and the exhaust valve 3. Even more specifically, when it is determined in Step 300 in 
Fig. 14 that the valve overlap amount of the intake valve 2 and the exhaust valve 3 is set to 
the minimum value, the variation in the fuel injection quantity among the cylinders is reduced 
in Step 105. Therefore, when it is possible to change the valve overlap amount of the intake 
valve and the exhaust valve, the variation in the air-fuel ratio among the cylinders can be 
controlled more appropriately than when the variation among cylinders is not reduced based 
on the valve overlap amount of the intake valve and the exhaust valve. In other words, it is 
possible to appropriately control the variation in the air-fuel ratio among the cylinders. 
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[0097] A routine according to the method for learning valve overlap amount 
variation, according to another embodiment and a modification thereof, in Fig. 15 is executed 
at predetermined intervals, just as the routine shown in Fig. 14. Referring to Fig. 15, when 
this routine starts, it is first determined in Step 150 whether the control in Step 105 in Fig. 14 
has been completed. If the correction of the fuel injection quantity for all of the cylinders is 
not yet complete, it is determined that the variation in the valve overlap amount of the intake 
valve 2 and the exhaust valve 3 among the cylinders can not be reduced and the routine ends. 
If the correction of the fuel injection quantity for all of the cylinders is complete, then the 
process proceeds to Step 450. In Step 450, it is determined whether the valve overlap amount 
§ of the intake valve 2 and the exhaust valve 3 is equal to or greater than a predetermined 

: :;: threshold value. That is, it is determined whether the valve overlap amount of the intake 
01 valve 2 and the exhaust valve 3 is set to a relatively large value such that the intake air 
Hjj amount to be introduced into the cylinder is limited by the valve overlap amount of the intake 
l > j i valve 2 and the exhaust valve 3, and not limited by the opening amount of the throttle valve 
O 56. If the determination in step 450 is "NO", the routine ends. If the determination is "YES", 
I ; I the process proceeds to Step 152. 

[0098] In Step 152, it is determined whether it is time to calculate the exhaust gas 
air-fuel ratio of the specified cylinder, for example, the cylinder No. N, among a plurality of 
cylinders Nos. 1 through 4, just as was shown in Fig. 12. If the determination is "NO", the 
routine ends. If the determination is "YES", the process proceeds to Step 153. In Step 153, 
the exhaust gas air-fuel ratio of the cylinder No. N, for example, is detected for several cycles 
and the mean air-fuel ratio thereof is calculated, just as in Fig. 12. Next, in Step 154, the 
variation AQ in the intake air amount among the cylinders is calculated using the air-fuel 
ratio of each of the cylinders Nos. 1 through 4 calculated in Step 153 on the assumption that 
the fuel injection quantities of all of the cylinders Nos. 1 through 4 are the same. 

[0099] Next in Step 45 1, a variation AVo in the valve overlap amount of the intake 
valve 2 and the exhaust valve 3 of the specified cylinder, for example, cylinder No. N, is 
calculated based on the variation AQ in the intake air amount among the cylinders calculated 
in Step 154. This calculation of the variation AVo in the valve overlap amounts of the intake 
valves 2 and the exhaust valves 3 is performed for all of the cylinders Nos. 1 through 4. Next 
in Step 452, the intake valve driving device 58 corrects the opening timing of the intake 
valves 2 of each of the cylinders Nos. 1 through 4, while the intake valve driving device 58' 
corrects the closing timing of the exhaust valves 3 of each of the cylinders Nos. 1 through 4, 
such that the variation in the valve overlap amounts of the intake valves 2 and exhaust valves 
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3 among the cylinders is reduced, i.e., such that the variation in the intake air amount among 
the cylinders is reduced. 

[0100] According to the embodiment, after reducing the variation in the fuel 
injection quantity among the cylinders in Step 105 in Fig. 14, when it is determined in Step 
450 in Fig. 15 that the valve opening characteristics of the intake valve 2 and the exhaust 
valve 3 are set so that the intake air amount to be introduced into the cylinder is limited by 
the valve opening characteristics of the intake valve 2 and the exhaust valve 3, and not 
limited by the opening amount of the throttle valve 56, the process proceeds to Step 153. In 
Step 153, the exhaust gas air-fiiel ratio of that cylinder is calculated and then in Step 452, the 
variation in the valve opening characteristics of the intake valve 2 and the exhaust valve 3 
among cylinders is reduced based on that exhaust gas air-fuel ratio. That is, after reducing 
the variation in the fuel injection quantity among the cylinders, the valve opening 
characteristics of the intake valves 2 and exhaust valves 3 of each of the cylinders Nos. 1 
through 4 are changed such that the exhaust gas air-fuel ratio of the cylinder No. 1 and the 
exhaust gas air-fuel ratios of the other cylinders Nos. 2 through 4 are the same. Therefore, 
even if there is variation in the fuel intake quantity among cylinders, no variation in torque 
among cylinders is generated and the variation in the valve opening characteristics of the 
intake valves 2 and exhaust valves among the cylinders can be reduced. 

[0101] Also according to a modification of the embodiment, after reducing the 
variation in the fuel injection quantity among the cylinders in Step 105 in Fig. 14, when it is 
determined in Step 450 in Fig. 15 that the valve opening characteristics of the intake valve 2 
and the exhaust valve 3 are set so that the intake air amount to be introduced into the cylinder 
is limited by the valve opening characteristics of the intake valve 2 and the exhaust valve 3, 
and not limited by the cross-sectional area of the portion of the intake pipes 5 1 and 52 having 
the smallest internal circumference, the process proceeds to Step 153. In Step 153, the 
exhaust gas air-fuel ratio of that cylinder is calculated and then in Step 452, the variation in 
the valve opening characteristics of the intake valve 2 and exhaust valve 3 among cylinders is 
reduced based on that exhaust gas air-fuel ratio. That is, after reducing the variation in the 
fuel injection quantity among the cylinders, the valve opening characteristics of the intake 
valves 2 and exhaust valves 3 of each of the cylinders Nos. 1 through 4 are changed such that 
the exhaust gas air-fuel ratio of the cylinder No. 1 and the exhaust gas air-fuel ratios of the 
other cylinders Nos. 2 through 4 are the same. Therefore, even if there is variation in the fuel 
intake quantity among cylinders, no variation in torque among cylinders is generated and the 



31 

variation in the valve opening characteristics of the intake valves 2 and exhaust valves 3 
among the cylinders can be reduced. 

[0102] More specifically, according to the embodiment and the modification 
thereof, after reducing the variation in the fuel injection quantity among the cylinders in Step 
105 in Fig. 14, when it is determined in Step 450 in Fig. 15 that the valve overlap amount of 
the intake valve 2 and the exhaust valve 3 is set to the minimum value, the process proceeds 
to Step 153. In Step 153, the exhaust gas air-fuel ratio is calculated and then in Step 451, the 
variation in the valve overlap amount of the intake valve 2 and the exhaust valve 3 among 
cylinders is reduced based on that exhaust gas air-fuel ratio. That is, after reducing the 
variation in the fuel injection quantity among the cylinders, the valve overlap amount of the 
intake valve 2 and the exhaust valve 3 of each of the cylinders Nos. 1 through 4 is changed 
such that the exhaust gas air-fuel ratio of the cylinder No. 1 and the exhaust gas air-fuel ratios 
of the other cylinders Nos. 2 through 4 are the same. Therefore, even if there is variation in 
the fuel intake quantity among cylinders, no variation in torque among cylinders is generated 
and the variation in the valve overlap amount of the intake valve 2 and the exhaust valve 3 
among the cylinders can be reduced. 

[0103] In other words, according to the embodiment and the modification thereof, 
after reducing the variation in the fuel injection quantity among the cylinders in Step 105 in 
Fig. 14, when it is determined in Step 450 in Fig. 15 that the valve overlap amount of the 
intake valve 2 and the exhaust valve 3 is set to a predetermined valve overlap amount that is 
larger than the minimum valve overlap amount, the process proceeds to Step 153. In Step 
153, the exhaust gas air-fuel ratio is calculated and then in Step 452 the variation in the intake 
air amount among cylinders is reduced with that exhaust gas air-fuel ratio. That is, after 
reducing the variation in the fuel injection quantity among the cylinders, the valve overlap 
amount of the intake valve 2 and the exhaust valve 3 of each of the cylinders Nos. 1 through 
4 is changed such that the exhaust gas air-fuel ratio of the cylinder No. 1 and the exhaust gas 
air-fuel ratios of the other cylinders Nos. 2 through 4 are the same. Therefore, even if there is 
variation in the fuel intake quantity between cylinders, no variation in torque between 
cylinders is generated and the variation in the intake air amount between the cylinders can be 
reduced. 

[0104] Also according to the embodiment and the modification thereof, a variation 
among cylinders is reduced by the valve overlap amount of the intake valve and the exhaust 
valve. More specifically, when it is determined in Step 450 in Fig. 15 that the valve overlap 
amount of the intake valve 2 and the exhaust valve 3 is equal to, or greater than, a 
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predetermined threshold value, the variation in the valve overlap amount of the intake valve 2 
and the exhaust valve 3 among the cylinders is reduced in Step 452. Therefore, when it is 
possible to change the valve overlap amount of the intake valve and the exhaust valve, it is 
possible to control the variation in the air- fuel ratio between the cylinders more appropriately 
than when the variation in the valve overlap amount of the intake valve 2 and the exhaust 
valve 3 between the cylinders is controlled irregardless of the aforementioned threshold 
value. In other words, it is possible to appropriately control the variation in the air-fuel ratio 
among the cylinders. 

[0105] A routine according to the method for learning intake valve operation angle 
variation, according to the foregoing embodiments and modifications thereof, in Fig. 16 is 
performed at predetermined intervals, just as the routine shown in Fig. 14. As shown in Fig. 
16, when this routine starts, it is first determined in Step 150 whether the correction control in 
Step 105 in Fig. 14 has been completed, just as in Fig. 15. If the correction is not yet 
complete, it is determined that the variation in the valve overlap amount of the intake valve 2 
and the exhaust valve 3 among the cylinders can not be reduced and the routine ends. If the 
correction of the fuel injection quantity for all of the cylinders is complete, then the process 
proceeds to Step 450. In Step 450, it is determined whether the valve overlap amount of the 
intake valve 2 and exhaust valve 3 is equal to or greater than a predetermined threshold value, 
just as in Fig. 15. If the determination is "NO", the routine ends. If the determination is 
"YES", the process proceeds to Step 152. 

[0106] In Step 152, it is determined whether it is time to calculate the exhaust gas 
air-fuel ratio of a specified cylinder, for example, the cylinder No. N, among a plurality of 
cylinders Nos. 1 through 4, just as in Fig. 15. If the determination is "NO", the routine ends. 
If the determination is "YES", the process proceeds to Step 153. In Step 153, the exhaust gas 
air-fuel ratio of the cylinder No. 1, for example, is detected for several cycles and the mean 
air- fuel ratio thereof is calculated, just as in Fig. 15. Next in Step 1 54, the variation AQ in the 
intake air amount among the cylinders is calculated using the air-fuel ratio of each of the 
cylinders Nos. 1 through 4 calculated in Step 153 on the assumption that the fuel injection 
quantity in each of the cylinders Nos. 1 through 4 are the same, just as in Fig. 15. 

[0107] Next in Step 250, the fuel injection quantity of each cylinder is corrected 
based on the variation AQ in the intake air amount among the cylinders calculated in Step 154 
such that the torque of all of the cylinders Nos. 1 through 4 is the same, just as in Fig. 13. 
Then in Step 251, just as in Fig. 13, the ignition timing of each cylinder is corrected based on 
the variation AQ in the intake air amount among the cylinders calculated in Step 154 such 
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that the torque of all of the cylinders Nos. 1 through 4 is the same. For example, the ignition 
timing in a cylinder in which the intake air amount is relatively large is retarded during 
operation under high load of the engine, which tends to cause knocking. 

[0108] According to the foregoing embodiments, after reducing the variation in the 
fuel injection quantity among the cylinders in Step 105 in Fig. 14, when it is determined in 
Step 450 in Fig. 16 that the valve opening characteristics of the intake valve 2 and the exhaust 
valve 3 are set so that the intake air amount to be introduced into the cylinder is limited by 
the valve opening characteristics of the intake valve 2 and the exhaust valve 3, and not 
limited by the opening amount of the throttle valve 56, the process proceeds to Step 153. In 
Step 153, the exhaust gas air-fuel ratio of that cylinder is calculated and then in Step 250 and 
Step 251, the fuel injection quantity and ignition timing, respectively, are corrected so as to 
reduce the variation in torque among the cylinders. 

[0109] Also according to the foregoing embodiments and modifications thereof, 
after reducing the variation in the fuel injection quantity among the cylinders in Step 105 in 
Fig. 14, when it is determined in Step 450 in Fig. 16 that the valve opening characteristics of 
the intake valve 2 and the exhaust valve 3 are set so that the intake air amount to be 
introduced into the cylinder is limited by the valve opening characteristics of the intake valve 
2 and the exhaust valve 3, and not limited by the cross-sectional area of the portion of the 
intake pipes 51 and 52 having the smallest internal circumference, the process proceeds to 
Step 153. In Step 153, the exhaust gas air-fuel ratio of that cylinder is calculated and then in 
Step 250 and Step 251, the fuel injection quantity and ignition timing, respectively, are 
corrected so as to reduce the variation in torque among cylinders. 

[0110] Also according to the foregoing embodiments and modifications thereof, the 
variation among cylinders is controlled by the valve overlap amount of the intake valve and 
the exhaust valve. More specifically, when it is determined in Step 450 in Fig. 16 that the 
valve overlap amount of the intake valve 2 and the exhaust valve 3 is equal to or greater than 
a predetermined threshold value, the variation in the air-fuel ratio among the cylinders is 
reduced in Step 250. Therefore, when it is possible to change the valve overlap amount of 
the intake valve and the exhaust valve, the variation in the air-fuel ratio among the cylinders 
can be controlled more appropriately than when the variation in the air-fuel ratio among the 
cylinders is controlled irrespective of the aforementioned threshold. In other words, it is 
possible to appropriately control the variation in the air-fuel ratio among the cylinders. 

[0111] Hereinafter, an another embodiment of a control apparatus for an internal 
combustion engine according to the invention will be described. The configuration of this 
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embodiment is a combination of the configuration of the foregoing embodiments and 
modifications thereof and the configuration described below. In Fig. 17, reference numerals 
that are the same as those in Figs. 1 through 10 represent the same or like parts as those 
shown in Figs. 1 through 10. Fig. 17 also shows an intake air amount calculating portion 22' 
which constitutes a portion of the ECU 22, a neural network 60 which is of a construction 
substantially the same as that of the well-known neural network disclosed in Japanese Patent 
Application Laid-Open Publication No. 9-88685, for example, and a delay calculating portion 
22" using the neural network 60, which constitutes another portion of the ECU 22. 

[0112] In this embodiment, the variation among the cylinders is reduced using the 
neural network 60 in order to compensate for the delay from the valve lift amount changing 
device 9, 9', the opening/closing timing shift device 11, 11', the intake valve driving device 
58, and the exhaust valve driving device 58' during times of excessive driving of the engine. 
Specifically, when the intake air amount is calculated during times of excessive driving of the 
engine, the intake air amount is estimated based on the value output from the airflow meter 
19, the opening amount of the throttle valve 56, the rate of change of the throttle valve 
opening amount, the valve opening timing of the intake valve 2, the valve closing timing of 
the intake valve 2, the engine speed, the water temperature, the oil temperature, the oil 
pressure, and the value output from the intake air temperature sensor 21. The neural network 
60 is able to learn the delay from the difference between that intake air amount and an air 
amount calculated based on the value output from the air-fuel ratio sensor 57. As a result, the 
actual air-fuel ratio can be matched extremely accurately to the target air-fuel ratio under any 
condition. 

[0113] That is, the neural network is applied for the calculating portion that 
calculates the intake air amount delay, and the intake air amount is calculated based on the 
above-described data. The error, or difference, between the fuel injection quantity calculated 
based on that intake air amount and the actual exhaust gas air-fuel ratio of that cycle is then 
detected. By repeating this with various patterns and correcting the sensitivity coefficient of 
each parameter, the actual air-fuel ratio is able to be matched extremely accurately to the 
target air-fuel ratio under any operating condition of the engine. 

[0114] Hereinafter, another embodiment of a control apparatus for an internal 
combustion engine according to the invention will be described. The configuration of this 
embodiment is substantially the same as any of the configurations of the foregoing 
embodiments and modifications thereof. Alternatively, the eighth embodiment may also 
comprise a plurality of intake valve cams with different cam profiles, not shown, wherein the 
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valve opening characteristics of each intake valve is able to be changed by changing the 
intake valve cam. 

[0115] A routine according to the method for controlling to minimize variation 
between cylinders according to the foregoing embodiment and the modification thereof, is 
performed at predetermined intervals. As shown in Fig. 18, when this routine starts, it is first 
determined in Step 500 whether a map, to be described later, has already been created. If the 
determination is "YES", the process proceeds to Step 505. If the determination is "NO", the 
process proceeds to Step 501. In Step 501, the air-fuel ratio of each of the cylinders Nos. 1 
through 4 in a constant state, such as when the engine is idling, is calculated based on a value 
output from the air-fuel ratio sensor 57 by a method such as that disclosed in Japanese Patent 
Application Laid-Open Publication No. 59-101562 or Japanese Patent Application Laid-Open 
Publication No. 5-180040. 

[0116] Next in Step 502, it is determined whether there is variation in the air-fuel 
ratio among the cylinders. When variation in the air-fuel ratio between the cylinders is less 
than a predetermined value, the routine ends. When variation in the air-fuel ratio among the 
cylinders is equal to or greater than the predetermined value, the process proceeds to Step 
503. In Step 503, fuel injection amount correction coefficients for each of the cylinders Nos. 
1 through 4 are calculated based on the calculated air-fuel ratios of each of the cylinders Nos. 
1 through 4, respectively. For example, when the actual air-fuel ratio of a cylinder varies on 
the rich side with respect to the target air- fuel ratio, a fuel injection amount correction 
coefficient is calculated which has a relatively small value so as to correct with a decrease the 
fuel injection amount of that cylinder. On the other hand, when the actual air-fuel ratio of a 
cylinder varies on the lean side with respect to the target air-fuel ratio, a fuel injection amount 
correction coefficient is calculated which has a relatively large value so as to correct with an 
increase the fuel injection amount of that cylinder. 

[0117] Next in Step 504, a fuel injection quantity correction coefficient map, which 
shows the relationship between the fuel injection quantity correction coefficient and the 
operation angle of the intake valve 2, is created based on the fuel injection amount quantity 
correction coefficient calculated in Step 503 and the operation angle of the intake valve 2 at 
that time. As shown in Fig. 19, when a point PI is calculated in Step 503, a curved line LI 
showing the relationship between the fuel injection quantity correction coefficient and the 
operation angle of the intake valve is calculated from that point PI, and a fuel injection 
quantity correction coefficient map is created based on that curved line LI . According to a 
modification of the eighth embodiment, in Step 504 it is possible to calculate a relational 
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expression that simplifies the curved line LI instead of creating the map. Also according to a 
modification of the embodiment, it is possible to calculate not only the point PI but also a 
point PI' in a step similar to Step 503, calculate a curved line similar to the curved line LI 
based on the point PI and the point PI', and then create a fuel injection quantity correction 
coefficient map based on that curved line. 

[0118] In Step 505, the fuel injection quantity for each of the cylinders Nos. 1 
through 4 is corrected. That is, when the map shown in Fig. 19 has not been created such that 
the determination in Step 500 is "NO", a fuel injection quantity correction coefficient for 
correcting the fuel injection quantity is calculated in Step 503, and the fuel injection quantity 
is then corrected based on that fuel injection quantity correction coefficient in Step 505. On 
the other hand, when the map shown in Fig. 19 has already been created such that the 
determination in Step 500 is "YES", Step 503 is not performed even when the operation 
angle of the intake valve 2 has changed from the point at which the map was created, such 
that the fuel injection quantity is corrected in Step 505 based on the map that was already 
created. 

[0119] When it is feared that hunting may occur when the aforementioned Step 505 
is performed, the fuel injection quantity correction coefficients may be smoothed out in a step 
which is not shown, so that it is then possible to correct the fuel injection quantity in a step 
which replaces Step 505 based on the smoothed out fuel injection quantity correction 
coefficient. (In this case, the fuel injection quantity correction coefficients of all of the 
cylinders are corrected using the values of the smoothed out fuel injection quantity correction 
coefficients. The thus corrected fuel injection quantity correction coefficients are then 
repeatedly smoothed and re-corrected until they converge on a single fuel injection quantity 
correction coefficient for all of the cylinders. The fuel injection quantity is then corrected 
based on this single fuel injection quantity correction coefficient.) 

[0120] According to the embodiment or the modification thereof, a variation 
between cylinders is reduced by the operation angle of the intake valve 2. More specifically, 
as shown in Fig. 19, the variation in the fuel injection quantity among cylinders is reduced by 
calculating the fuel injection quantity correction coefficient of each cylinder No. 1 through 4 
based on the operation angle of the intake valve 2, and correcting the fuel injection quantity 
in each cylinder No. 1 through 4 in Step 505 based on that fuel injection quantity correction 
coefficient. Therefore, when it is possible to change the operation angle of the intake valve, 
it is possible to control the variation in the air-fuel ratio among the cylinders more 
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appropriately than when the variation between cylinders is not controlled by the operation 
angle of the intake valve. 

[0121] Also according to the embodiment or the modification thereof, because the 
variation among the cylinders is controlled by the operation angle of the intake valve, it is 
possible to appropriately control the variation between the cylinders even when, for example, 
the sensor 57 is not sufficiently exposed to the exhaust gas such that a target air-fuel ratio 
calculated from a value output by a sensor is not an appropriate target air-fuel ratio. 

[0122] Also, according to the embodiment or the modification thereof, the variation 
in the air-fuel ratio among the cylinders is reduced by correcting the fuel injection quantity in 
Step 505 based on the operation angle of the intake valve 2. For example, when the air-fuel 
ratio of a cylinder varies to the rich side, the variation in the air-fuel ratio among the cylinders 
is reduced by correcting with a decrease the fuel injection quantity of that cylinder. Also, the 
smaller the operation angle of the intake valve, the greater the variation in the air-fuel ratio 
among cylinders when the actual operation angle is off from the target operation angle. In 
view of this, as shown in Fig. 19, the difference between the fuel injection quantity correction 
coefficient and 1.0 is made to become larger as the operation angle of the intake valve 
becomes smaller. As a result, the variation in the air-fuel ratio among the cylinders is 
controlled by increasing the correction amount of the fuel injection quantity. This enables the 
variation in the air-fuel ratio among cylinders to be controlled more appropriately than when 
the fuel injection quantity is not corrected by the operation angle of the intake valve. 

[0123] More specifically, when a variation in the air-fuel ratio among the cylinders 
is detected in Step 501 and Step 502, the fuel injection quantity correction coefficient for 
decreasing that variation is calculated in Step 503. Then in Step 504, a relationship LI 
between the fuel injection quantity correction coefficient and the operation angle of the intake 
valve is calculated based on that fuel injection quantity correction coefficient and the 
operation angle of the intake valve at that time. When the operation angle of the intake valve 
changes, the fuel injection quantity correction coefficient after the intake valve operation 
angle change is calculated based on the operation angle of the intake valve after the change 
and that relationship LI. 

[0124] Hereinafter an another embodiment of a control apparatus for an internal 
combustion engine according to the invention will be described. The configuration of this 
embodiment is substantially the same as that of the eighth embodiment described above. 

[0125] A routine according to the method for controlling to correct a target air-fuel 
ratio, according to the embodiment, is performed at predetermined intervals. As shown in 
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Fig. 20, when this routine starts, it is first determined in Step 600 whether a map, to be 
described later, has already been created. If the determination is "YES", the process proceeds 
to Step 604. If the determination is "NO", the process proceeds to Step 501. In Step 501, the 
air-fuel ratio of each of the cylinders Nos. 1 through 4 in a constant state, such as when the 
engine is idling, is calculated based on a value output from the air-fuel ratio sensor 57, just as 
in the previous embodiment. 

[01261 Next in Step 502, it is determined whether there is variation in the air-fuel 
ratio among the cylinders, just as in the previous embodiment. When the variation in the air- 
fuel ratio among the cylinders is less a predetermined value, the routine ends. When 
variation in the air-fuel ratio between the cylinders is equal to or greater than the 
predetermined value, the process proceeds to Step 601. In Step 601, a mean air-fuel ratio 
injection amount is calculated for all of the cylinders Nos. 1 through 4. The mean air-fuel 
ratio injection amount for all of the cylinders Nos. 1 through 4 is calculated, for example, by 
adding up the air-fuel ratios for each of the cylinders Nos. 1 through 4 and dividing the sum 
by 4. Next in Step 602, a new target air-fuel ratio (hereinafter referred to as "corrected target 
air-fuel ratio") is calculated based on the target air-fuel ratio which is based on the value 
output from the sensor 57 (hereinafter referred to as "sensor target air-fuel ratio") and, for 
example, a stoichiometric air-fuel ratio, and the mean air-fuel ratio calculated in Step 601. 
That is, the sensor target air-fuel ratio is corrected and the corrected target air-fuel ratio is 
calculated. 

Corrected target air-fuel ratio = Sensor target air-fuel ratio x Stoichiometric air-fuel 
ratio/Mean air-fuel ratio ... (1) 

[0127] When there is a fear of hunting from Expression (1) above, or when the 
accuracy of the mean air-fuel ratio calculated in Step 601 is low, the smoothed out corrected 
target air-fuel ratio can also be calculated, as shown in Expression (2). (In this case, the air- 
fuel ratios of all of the cylinders are calculated using the values of the smoothed out corrected 
target air-fuel ratios. The thus corrected target air-fuel ratios of all of the cylinders are then 
repeatedly smoothed and re-corrected until they converge on a single corrected target air-fuel 
ratio for all of the cylinders. A target air-fuel ratio map is then created in Step 603 using this 
single corrected target air-fuel ratio. 

Corrected target air-fuel ratio = (Stoichiometric air-fuel ratio - mean air-fuel ratio) / k + 
sensor target air-fuel ratio . . . (2); 
wherein k is a positive integer. 
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[0128] Next in Step 603, the target air-fuel ratio map showing the relationship 
between the corrected target air-fuel ratio and the operation angle of the intake valve 2 is 
created based on the corrected target air-fuel ratio calculated in Step 602 and the operation 
angle of the intake valve 2 at that time. As shown in Fig. 21, when a point P2 is calculated in 
Step 602, a curved line L2 showing the relationship between the corrected target air-fuel ratio 
and the operation angle of the intake valve is calculated from that point P2. The target air- 
fuel ratio map is then created based on that curved line L2. According to a modification of 
the ninth embodiment of the invention, in Step 603 it is possible to calculate a relational 
expression that simplifies the curved line L2 instead of creating the map. Also according to 
another modification of the embodiment, it is possible to calculate not only the point P2 but 
also a point P2' in a step similar to Step 602, calculate a curved line similar to the curved line 
L2 based on the point P2 and the point P2', and then create a fuel injection quantity 
correction coefficient map based on that curved line. 

[0129] In Step 604, feedback control for the air-fuel ratio is performed. That is, a 
fuel injection quantity for all of the cylinders Nos. 1 through 4 is uniformly corrected based 
on the corrected target air-fuel ratio on the map created in Step 603. In other words, when the 
map shown in Fig. 21 has not been created such that the determination in Step 600 is "NO", 
the corrected target air-fuel ratio for performing feedback control for the air-fuel ratio is 
calculated in Step 602 and feedback control for the air-fuel ratio is performed in Step 604 
based on the that corrected target air-fuel ratio. On the other hand, when the map shown in 
Fig. 21 has already been created such that the determination in Step 600 is "YES", Step 602 
is not performed even when the operation angle of the intake valve 2 has changed from the 
point at which the map was created, such that the feedback control for the air-fuel ratio is 
performed in Step 604 based on the map that was already created. 

[0130] According to the embodiment of the invention, the fuel injection quantity is 
calculated based on the following Equations (3) and (4). 

Fuel injection quantity = Basic injection quantity + Feedback correction quantity (3) 
Feedback correction quantity = axf + bxg . . . (4); 
wherein a and b denote gain, and f and g denote coefficients of the corrected target air-fuel 
ratio and the sensor target air-fuel ratio. 

[0131] That is, when the corrected target air-fuel ratio shifts over to the lean side, 
for example, the feedback correction quantity is reduced such that the fuel injection quantity 
is corrected with a reduction. On the other hand, when the corrected target air-fuel ratio 
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shifts over to the rich side, for example, the feedback correction quantity is increased such 
that the fuel injection quantity is corrected with an increase. 

[0132] According to this embodiment of the invention, therefore, the target air-fuel 
ratio is corrected based on the operation angle of the intake valve 2, i.e., the corrected target 
air-fuel ratio is changed based on the operation angle of the intake valve 2. Alternatively, 
according to a modification of the embodiment (refer to Fig. 21), any one, or all, of the 
coefficients relating to the air-fuel ratio feedback control may be corrected by the operation 
angle of the intake valve 2. These coefficients include the aforementioned corrected target 
air-fuel ratio, as well as the gain a and b, and the sensor target air-fuel ratio and the like. 

[0133] Alternatively, according to another modification of the ninth embodiment of 
the invention, the fuel injection quantity is calculated based on the following Equations (5) 
and (6). 

Fuel injection quantity = Basic injection quantity + Increase correction quantity + Feedback 
correction quantity ... (5) 
Feedback correction quantity = AxP + I Axl + (dA/dt) x D ... (6); 
wherein A denotes the difference between the corrected target air-fuel ratio and the sensor 
target air-fuel ratio, and P, I and D denote the gain increase correction quantity which 
includes a correction quantity for minimizing an increase in exhaust temperature and a 
correction quantity when the engine coolant temperature is low. 

[0134] According to a modification of the embodiment, it is possible to correct any 
one, or all, of the coefficients relating to air- fuel ratio feedback control by the operation angle 
of the intake valve 2. These coefficients include the aforementioned corrected target air-fuel 
ratio, as well as the gains P, I and D, and the difference A between the corrected target air- 
fuel ratio and the sensor target air-fuel ratio and the like. 

[0135] According to the embodiment or the modification thereof, a predetermined 
coefficient relating to the air-fuel ratio feedback control is corrected by the operation angle of 
the intake valve 2. More specifically, the target air-fuel ratio is calculated based on the 
operation angle of the intake valve 2, as shown in Fig. 2 1 . For example, in the event that the 
overall air-fuel ratio shifts over to the rich side as a result of the sensor target air-fuel ratio not 
being set appropriately due to the fact that the sensor 57 is not sufficiently exposed to the gas, 
the corrected target air-fuel ratio is calculated so as to shift the overall air-fuel ratio toward 
the lean side. 

[0136] Also according to the ninth embodiment or a modification thereof, when the 
actual operation angle of the intake valve 2 is off from the target operation angle thereof, 
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there is a tendency for the sensor target air-fuel ratio, which is set based on a value output by 
the sensor 57, to be far off from the appropriate target air-fuel ratio the smaller the operation 
angle of the intake valve 2. In view of this fact, as is shown in Fig. 21, for example, the 
correction amount for the target air-fuel ratio increases, i.e., the difference between the 
corrected target air-fuel ratio and the stoichiometric air-fuel ratio increases, the smaller the 
operation angle of the intake valve 2. This enables the value of the target air-fuel ratio to be 
made more appropriate than when the target air-fuel ratio is not corrected based on the 
operation angle of the intake valve 2. That is, the control apparatus is capable of executing 
appropriate air-fuel ratio feedback control even when the sensor 57 is not sufficiently 
exposed to the exhaust gas, i.e., even when the sensor target air-fuel ratio calculated from a 
value output by the sensor 57 is not an appropriate target air-fuel ratio. 

[0137] More specifically, when a variation in the air-fuel ratio between cylinders is 
detected in Steps 501 and 502, the control apparatus first calculates a target air-fuel ratio 
(corrects it to an appropriate target air-fuel ratio) in Step 602, and then calculates the 
relationship L2 between the target air-fuel ratio and the operation angle of an intake valve 
based on that target air-fuel ratio and the operation angle of the intake valve at that time in 
Step 603. The control apparatus then calculates, when the operation angle of the intake valve 
changes, the appropriate target air-fuel ratio after the intake valve operation angle change 
based on the operation angle of the intake valve 2 after the change' and that relationship L2. 

[0138] Hereinafter an another embodiment of a control apparatus for an internal 
combustion engine according to the invention will be described. The configuration of this 
embodiment is substantially the same as those of the aforementioned embodiments. 
Accordingly, this embodiment has substantially the same effects and advantages as those 
embodiments. 

[0139] A routine according to a method for controlling to reduce variation among 
cylinders, according to the embodiment, is performed at predetermined intervals. As shown 
in Fig. 22, when this routine starts, the air-fuel ratio of each of the cylinders Nos. 1 through 4 
when the engine is in a constant state such as idling, for example, is first calculated in Step 
501 based on the value output from the air-fuel ratio sensor 57, just as in the foregoing 
embodiments. Then in Step 502 it is determined whether there is a variation in the air-fuel 
ratio between the cylinders, just as in the other embodiments. If the determination is "YES", 
the process proceeds to Step 503. If the variation in the air-fuel ratio between the cylinders is 
less than a predetermined value, then the routine ends. If the variation in the air-fuel ratio 
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between cylinders is equal to or greater than the predetermined value, then the routine 
proceeds to Step 503. 

[0140] In Step 503, the fuel injection quantity correction coefficient for each of the 
cylinders Nos. 1 through 4 is calculated based on the calculated air-fuel ratios of each of the 
cylinders Nos. 1 through 4, respectively, just as in the former embodiments. For example, 
when the actual air-fuel ratio varies on the rich side with respect to the target air-fuel ratio, a 
fuel injection amount correction coefficient is calculated which has a relatively small value so 
as to correct with a decrease the fuel injection amount. On the other hand, when the actual 
air-fuel ratio varies on the lean side with respect to the target air-fuel ratio, a fuel injection 
amount correction coefficient is calculated which has a relatively large value so as to correct 
with an increase the fuel injection amount. Next in Step 700, it is determined whether the 
fuel injection quantity correction coefficient calculated in Step 503 is within a predetermined 
value range. When the fuel injection quantity correction coefficient is too small, the process 
proceeds to Step 701. The routine also proceeds to Step 701 when the fuel injection quantity 
correction coefficient is too large. On the other hand, when the fuel injection quantity 
correction coefficient falls within the predetermined value range, the process proceeds to Step 
500. 

[0141] In Step 500, it is determined whether a fuel injection quantity correction 
coefficient map has already been created. When the determination is "NO", the process 
proceeds to Step 504. When the determination is "YES", the process proceeds to Step 505. 
In Step 504, a fuel injection quantity correction coefficient map, which shows the relationship 
between the fuel injection quantity correction coefficient and the operation angle of the intake 
valve 2, as shown in Fig. 19, is created based on the fuel injection amount quantity correction 
coefficient calculated in Step 503 and the operation angle of the intake valve 2 at that time, 
just as in the former embodiments. In Step 505, the fuel injection quantity for each of the 
cylinders Nos. 1 through 4 is corrected. In other words, when the map shown in Fig. 19 has 
not been created such that the determination in Step 500 is "NO", the fuel injection quantity 
is corrected based on the fuel injection quantity correction coefficient calculated in Step 503. 
On the other hand, when the map shown in Fig. 19 has already been created such that the 
determination in Step 500 is "YES", the fuel injection quantity is corrected based on the map 
that was already created. 

[0142] In Step 701, the fuel injection quantity correction coefficient calculated in 
Step 503 is guarded by a predetermined upper limit and lower limit. Then in Step 600 it is 
determined whether a target air-fuel ratio map has already been created, just as in the former 
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embodiments. If the determination is "YES", the process proceeds to Step 604. If the 
determination is "NO", then the process proceeds to Step 601. In Step 601, a mean air-fuel 
ratio for all of the cylinders Nos. 1 through 4 is calculated, just as in the former embodiments. 
Then in Step 602, a corrected target air-fuel ratio is calculated based on the sensor target air- 
fuel ratio and, for example, the stoichiometric air-fuel ratio, and the mean air-fuel ratio 
calculated in Step 601, just as in the former embodiment. Next, in Step 603, a target air-fuel 
ratio map, which shows the relationship of the corrected target air-fuel ratio and the operation 
angle of the intake valve 2, is created based on the corrected target air-fuel ratio calculated in 
Step 602 and the operation angle of the intake valve 2 at that time, just as in the ninth 
embodiment. 

[0143] In Step 604, air-fuel ratio feedback control is performed, just as in the ninth 
embodiment. Because the fuel injection quantity correction coefficient is guarded in Step 
701, as described above, the correction amount of the fuel injection quantity will not become 
very large. 

[0144] According to the aforementioned embodiment, the target air-fuel ratio is 
corrected by the operation angle of the intake valve 2, i.e., the corrected target air-fuel ratio is 
changed by the operation angle of the intake valve 2. Alternatively, according to a 
modification of the embodiment (refer to Fig. 21), any one, or all, of the coefficients relating 
to the air-fuel ratio feedback control may be corrected by the operation angle of the intake 
valve 2, just as in the modification of the ninth embodiment. 

[0145] Also, according to another modification of the embodiment, the fuel 
injection quantity is calculated based on the foregoing Expressions (5) and (6), just as in the 
other modification of the embodiment. Moreover according to a modification of the 
embodiment, any one, or all, of the coefficients relating to the air-fuel ratio feedback control 
can be calculated based on the operation angle of the intake valve 2, just as in the 
modification of the ninth embodiment. 

[0146] The embodiment has substantially the same effects and advantages as the 
eighth and ninth embodiments. Moreover, according to the embodiment, in consideration of 
the possibility that a large torque variation may be generated if the correction amount of the 
fuel injection quantity is large, when it is determined in Step 700 that the calculated 
correction amount of the fuel injection quantity is small, the control apparatus individually 
corrects the fuel injection quantity in each of the cylinders Nos. 1 through 4 in Step 505, 
thereby minimizing the variation in the air-fuel ratio among the cylinders. On the other hand, 
when it is determined in Step 700 that the calculated correction amount of the fuel injection 
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quantity is large, the correction amount of the fuel injection quantity is guarded by a 
predetermined value in Step 701. A corrected target air-fuel ratio is then calculated in Steps 
602 and 603 and the fuel injection quantity of all of the cylinders Nos. 1 through 4 are 
uniformly corrected by that corrected target air-fuel ratio in Step 604. That is, air-fuel ratio 
feedback control is performed, such that torque variation is reduced while the air-fuel ratio is 
able to be appropriately controlled. 

[0147] The aforementioned eighth, ninth and tenth embodiments may be applied 
not only in the case in which the valve lift amount of the intake valve 2 is set as shown by the 
solid line in Fig. 6, but also in the case in which the valve lift amount of the intake valve 2 is 
set as shown by the chain line in Fig. 6, as well as in the case in which the closing timing of 
the intake valve 2 is retarded. 

[0148] According to the invention, by making the throttle valve opening amount in 
one cylinder when the exhaust gas air-fuel ratio of that cylinder is calculated and the throttle 
valve opening amount in another cylinder when the exhaust gas air-fuel ratio of that cylinder 
is calculated substantially the same, the intake air amount introduced into the one cylinder 
when the exhaust gas air-fuel ratio of that cylinder is calculated and the intake air amount 
introduced into the other cylinder when the exhaust gas air-fuel ratio of that cylinder is 
calculated are able to made the same. Furthermore, while a variation in the air-fuel ratio 
among cylinders can be reduced just as in the control apparatus for a multi-cylinder internal 
combustion engine disclosed in Japanese Patent Application Laid-Open Publication No. 6- 
213044, a pulsation generated by a variation in torque among cylinders when there is a 
variation in fuel injection quantity among cylinders can be avoided. That is, a variation in 
air-fuel ratio among cylinders as well as a variation in torque among cylinders can be 
reduced. 

[0149] According to an aspect of the invention, a variation in the intake air amount 
among cylinders can be reduced without generating a variation in torque among cylinders 
even if there is a variation in the fuel injection quantity between cylinders. 

[0150] According to another aspect of the invention, a variation in the intake air 
amount between cylinders can be minimized without generating a variation in torque between 
cylinders even if there is a variation in the fuel injection quantity between cylinders. 

[0151] According to another aspect of the invention, a variation in the operation 
angle of the intake valve among cylinders can be reduced without generating a variation in 
torque among cylinders even if there is a variation in the fuel injection quantity among 
cylinders. 



45 

[0152] According to another aspect of the invention, by using a neural network, a 
variation among cylinders can be reduced more effectively than without using a neural 
network. 

[0153] According to another aspect of the invention, a variation in the air-fuel ratio 
between cylinders is able to be controlled more appropriately than with the control apparatus 
for a multi-cylinder internal combustion engine disclosed in Japanese Patent Application 
Laid-Open Publication No. 6-213044, in which a variation between cylinders is not able to be 
minimized based on the amount of valve overlap of the intake valve and the exhaust valve, 
when the amount of valve overlap of the intake valve and the exhaust valve is able to be 
changed. In other words, it is possible to appropriately control the variation in the air-fuel 
ratio among the cylinders. 

[0154] According to another aspect of the invention, a variation in the air-fuel ratio 
among cylinders can be controlled more appropriately than with the control apparatus for a 
multi-cylinder internal combustion engine disclosed in Japanese Patent Application Laid- 
Open Publication No. 6-213044, in which a variation among cylinders cannot be reduced 
based on the operation angle of the intake valve, when the operation angle of the intake valve 
can be changed. In other words, it is possible to appropriately control the variation in the air- 
fuel ratio among the cylinders. 

[0155] According to another aspect of the invention, a variation in the air-fuel 
ration between cylinders is able to be controlled more appropriately than when the fuel 
injection quantity is not able to be corrected based on the operation angle of the intake valve. 

[0156] According to another aspect of the invention, a value of the target air-fuel 
ratio can be set to a more appropriate value than when the target air-fuel ratio is not able to be 
corrected by the operation angle of the intake valve. That is, the control apparatus is capable 
of executing appropriate air-fuel ratio feedback control even when a sensor is not sufficiently 
exposed to the exhaust gas, i.e., even when a target air-fuel ratio calculated from a value 
output by a sensor is not an appropriate target air-fuel ratio. 

[0157] According to another aspect of the invention, a variation in air-fuel ratio 
among cylinders as well as a variation in torque among cylinders can be minimized. 

[0158] While the invention has been described with reference to preferred 
embodiments thereof, it is to be understood that the invention is not limited to the preferred 
embodiments or constructions. To the contrary, the invention is intended to cover various 
modifications and equivalent arrangements. In addition, while the various elements of the 
preferred embodiments are shown in various combinations and configurations, which are 
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exemplary, other combinations and configurations, including more, less or only a single 
element, are also within the spirit and scope of the invention. 



